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PREFACE. 


XpROM  time  immemorial  the  mind  of  man  has  felt  a  strong 
desire  to  fathom  the  laws  which  govern  the  various 
phenomena  of  Nature,  and  to  understand  her  in  her  most 
secret  work — in  short,  to  make  itself  master  of  her  forces,  in 
order  to  render  them  as  useful  to  material  as  to  intellectual 
and  moral  life ;  such  is  the  noble  undertaking  to  which  the 
greatest  minds  have  devoted  themselves.  For  too  long  did 
man  wander  in  this  eager  and  often  dangerous  pursuit  of 
truth  :  beginning  with  fanciful  interpretations  in  his  infancy, 
he  by  degrees  substituted  hypothesis  for  fable ;  and  then,  at 
length,  understanding  the  true  method,  that  of  experimental 
observation,  he  has  been  able,  after  innumerable  efforts,  to 
give  in  imperishable  formulae,  the  most  general  idea  of  the 
principal  phenomena  of  the  physical  world. 

In  order  thus  to  place  itself  in  communion  with  Nature, 
our  intelligence  draws  from  two  springs,  both  bright  and  pure, 
and  equally  fruitful — Art  and  Science  :  but  it  is  by  different, 
we  may  say  even  by  opposite,  methods  that  these  springs 
at  which  man  may  satisfy  his  thirst  for  the  ideals,  which 
constitute  his  nobleness  and  greatness,  the  love  of  the  beau- 
tiful, truth  and  justice,  have  been  reached.  The  artist  abstains 
from   dulling  the   brilliancy  of  his   impressions  by   a   cold 
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amilysis ;  the  man  of  science,  on  the  contrary,  in  presence 
of  Nature,  endeavours  only  to  strip  off  the  magnificent  and 
poetical  surroundings,  to  dissect  it  so  to  speak,  in  order  to 
dive  into  all  the  hidden  secrets ;  but  his  enjoyment  is  not 
less  than  that  of  the  artist,  when  he  has  succeeded  in  recon- 
structing, in  its  intelligible  whole,  this  world  of  pheno- 
mena of  which  his  power  of  abstraction  has  enabled  him  to 
investigate  the  laws. 

We  must  not  seek  then  in  the  study  of  physical  pheno- 
mena, from  a  purely  scientific  point  of  view,  the  fascination 
of  poetical  or  picturesque  description ;  on  the  other  hand, 
such  a  study  is  eminently  fit  to  satisfy  that  invincible 
tenden(!y  of  our  minds,  which  ur<?es  us  on  to  understand 
the  reason  of  things — that  fatality  whicrh  dominates  us,  but 
whicli  it  is  possible  for  us  to  make  use  of  to  the  free  and 
leiiitimate  satisfaction  of  our  faculties. 

Gravity,  Sound,    Ileat,    Electricrity,   and    Light   are  the 
divisions   under   which    an?    arranged    the    phenomena   the 
description  of   which   forms  tluj  object  of  this  work.      The 
programme  has  not  btM'ii  confined  to  a  simple  explanation  of 
the  fa<!ts:    but    an  atU^mpt  luis   been   made  to   grasp  their 
relative'  Ixarings,  or,  in  other  words,  their  laws;  a  slightly 
diHirult   task,  perhaps,  when  we  cannot  use  the  clear  and 
.sirnpl*'.  laii'^uam^  of  mathematics.     It  maybe  added  that  the 
present  work  has  Ix^en  carried  out  in  the  same  spirit  as  the 
astronomical   one,    "The  Heavens;"   wliich   is  sufiicient  to 
show    that   tlierc    has   been   neither    the    thought   nor   the 
intention  to  compile  a  Treatise  on  Physics;    I  have   been 
content  to  smooth  the  way  for  those  who  desire  to  extend 
tlhir  studies,  and   likewise  to  present  to  general  readers  a 
sutH<  iently  exact  and  just  idea  of  this  branch  of  science. 
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In  this  attempt  at  a  description  of  physical  phenomena  I 
have  drawn  from  numerous  sources,  too  long  to  enumerate, 
science  having  developed  so  much  during  the  last  two  cen- 
turies ;  but  I  should  fail  in  a  simple  act  of  justice,  if  I  did  not 
express  my  gratitude  to  one  of  our  most  learned  physicists, 
M.  le  Roux,  w^ho  was  kind  enough  to  read  over  most  of  the 
proofs  of  the  work,  and  whose  judicious  advice  has  been  of 
so  much  use  to  me. 

I  have  also  to  thank  M.  Chevreul,  who  gave  me  per- 
mission to  reproduce  three  plates  of  his  chromatic  tints, 
and  M.  J.  Silbermann,  preparateur  of  the  course  of  physics 
at  the  College  de  France,  who  undertook  to  supervise  the 
reproduction  of  some  of  the  beautiful  pictures  in  which  he 
has  represented  several  optical  phenomena.  Lastly,  I  must 
acknowledge  the  valuable  aid  of  the  artists,  especially  MM. 
Bonnafoux  and  Laplante,  Digeon  and  Rapine,  who  have 
designed  or  engraved  the  coloured  plates  and  woodcuts. 


Am6d]£e  Guillemin. 


CONTENTS. 


BOOK  I. 
G  HA  VI  T  Y. 

CHAPTER  I. 

PIIKNOMKNA    OF   (IRAVITV   ON    THE    SURFACK    OF   THE    EARTH. 

Manifestation  of  weij^ht  by  motion  :  fall  of  bodies,  flowinj^  of  liquids,  ascent  of 
gjui—  Pressure  of  bodies  in  equilibrium  ;  stability  of  the  various  solid,  li(juid, 
and  gaseous  strata  which  constitute  the  terrestrial  globe — Crumbling  away  of 
mountains  ;  fall  of  avalanches  and  of  blocks  of  ice  in  the  polar  regions — Air 
an<l  sea  currents Page  3 

THAPTER  II. 

WKKJHT    AND    UNIVERSAL   GRAVITATION. 

i  Nimmon  tendency  of  heavy  bodies  to  fall  towards  the  centre  of  the  earth — Weight 
is  a  particular  Ci\se  of  the  force  of  universal  gravitation — All  the  particles 
of  the  globe  act  on  a  falling  stone  as  if  they  were  all  situated  in  the 
centre  of  the  earth — The  force  of  gravity  acts  beyond  the  atmosphere  even 
in  the  celestial  spaces  :  the  sun,  planets,  stars — all  bodies — graviUvte  towanls 
eju'h  other P(^(Jf  1<> 

r^lAPTER  III. 

LAWS    OF    ATTRACTION.  -  FALLING    BODIES. 

First  experiments  of  Gralileo  on  falling  bodies — Equal  velocity  of  bodies  falling 
in  rofuo — Vertical  direction  of  gmvity — Deviation  from  the  vertical  due 
to  the  rotation  of  the  earth — Galileo's  inclined  plane  ;  Attwood's  machine ; 
Morin's  machine  :  laws  of  falling  bodies — Influence  of  the  resistince  of  the 
air  on  the  velocity  of  bodies  falling  through  the  atmosphere  ;  exix^rimeuts  of 
Di^sagulier Pa<]ie  IG 


COS  TESTS. 


r'HAPTKF:  IV. 

LAWH   OK   OIIAVITV.      THE   PENDt'LUM. 

Tlur  I*<*n<liiluiii-  Oalih'o's  ol>H<Tvutiori»  -  Jicfiiiition  of  the  Hiinple  (lendulum — Iso- 
rhroninrii  of  o.H(:illatioiM  of  Hiiiall  Hiii[ilitiulo-— IteUtion  Ijetwcen  the  time  of 
tin*  o;«4'illiitioiH  iiikI  t)u*  h*n^h  of  the  iiendulum — VanationH  of  the  force  of 
)Uii\\\.y  in  diffiTciit  latitiuh's-  I^onla'n  [lendiilum  -Len^^tha  of  the  pemluluiiu 
whic:h  ImmI  Hecoiifln  in  L«indon,  at  the  equator,  and  at  the  iK>le8— Calculation 
of  the  ohLiU;nesH  of  the  earth  — Ex|M'riiiientH  proving  that  the  denijity  of  the 
irarth  incrifaMCH  from  the  surface  to  the  centre Page  34 

CHAITEK  V. 

WKIOIIT     OK     ll(M>IKH.       KOIIMUKII'M    OK     IIKAVY    IJODIKS.— CKNTRK   OK   ORAVITY.— 

THE    HA  LANCE. 

Hintinction  iN'twocMi  the  W(ri;(ht  of  a  Inuly  and  itH  nixHA — I».<i8  of  weight  which  a 
iKMly  und('r;((H.*H  when  it  in  taken  fn>m  the  poles  to  the  e<iuator — Centre  of 
gravity  in  l>odii*H  of  geometric  fonn  ;  in  ImmUcs  of  irregular  fonn — The  Liilance  ; 
conditiouri  (jf  lurunwy  and  Hen.Hiliility— lialance  of  precision — Method  of  doulde 
weighing — »Six.*cific  gravity  and  density  of  iKxlifffl Fagt  45 

CHAITKK  VL 

WKiOHT  f>K  LiglJIDH.      I'HKNOMKNA   ANII  LAWH  OF   KQL'ILIBRIUM  :    HTDR08TATIC8. 

Difference*  of  couHtitution  of  nolidH  and  li(|uidM  ;  molecuhir  cohesion — Flowing  of 
pulvenilent  niAfMert  Moliility  of  the  moleculen  of  liquid  bodien — Experiments 
of  the  Flon*ntine  AriiilemieianM  ;  oxi>erimentM  of  modem  philosophers — Pascal's 
law  of  ef|ual  pre>4<iiir«*H  lloriy/mtality  of  the  surface  of  a  liquid  in  equilibrio — 
Pre-imire  on  tin;  l»ott4mi  of  veMHeln;  prcsHures  normal  to  the  sides  ;  hydraulic 
Ncn'w  llydnMtiitii:  iNinidox  ;  PaHciil's  hurt^ting-cask — Equilibrium  of  super- 
|i«Me<l  liqnidi ;  communicating  veHselM Pag^  *'^H 

CHAPTER  VII. 

Ki|l-lt,IMIlM-M    OK    nol>IKH    IMMER8ED    IN    LiqVlVB. —  PRINCIPLE  OK  ARCHIMEDES. 

Pif^nre  or  Iohk  of  weight  of  immersed  IxKlies — Principle  of  Archimedes — Experi- 
mental flenionstnititm  of  this  principle — Etjuilibrium  of  immersed  and  floating 
botlien — l>enHitii*M  of  solid  and  liquid  bodies  ;  Areometers  ....     Page  73 

<'HAI»TEIt  VIII. 

WEIUIIT   OK   THE   AIR   AND   OK   UAMEH.-   THE   BAROMETER. 

The  air  a  heavy  lM)dy—  Elasticity  and  iMmipressibility  of  air  and  other  gases- 
Pneumatic  <ir  fire  syringo     I)iHC«iverj*  made  by  Florentine  workmen— Nature 
abhors  a  vaeuum— Ex|)criments  of  Torricelli  and  I'uscal — Invention  of  the 
barometer — Description  of  the  principal  Imrometeni Pcige  H4 


COSTENTS.  xi 


CHAPTER  IX. 

WEIGHT    OP    THE    AIR    AND    OP    GASES   (continued), — PUMPS. — MARIOTTE's    LAW. — 

THE   AIR-PUMP. 

Principle  of  the  ascent  of  li(|uicls  in  pumps — Suction  and  force  pumps — The 
siphon — Air-pump ;  principle  of  its  construction — Double  and  single  barrel 
air-pumps — Condensing  pumps — Mariotte^s  law Page  102 


BOOK     II. 
SOUND. 

CHAPTER  I. 
The  Phenomena  of  Sound Page  123 

CHAPTER  II. 

PRODUCTION    AND     PROPAGATION    OF    SOUND. — REFLECTION    OF    SOUND. — VELOCITY 

OP   SOUND    IN    DIFFERENT   MEDIA, 

Production  of  sound  by  a  blow  or  percussion,  and  by  friction,  in  solids,  liquids,  and 
gases — Production  of  sound  by  the  contact  of  two  bodies  at  different  tem- 
peratures ;  Trevelyan's  instrument — Chemical  harmcnicon — The  air  a  vehicle 
of  sound  ;  transmission  of  sound  by  other  gases,  by  solids,  and  liquids — Pro- 
pagation of  sound  at  great  distances  through  the  intervention  of  the  ground — 
Velocity  of  sound  through  air  ;  influence  of  temperature ;  experiments  of 
Villejuif  and  Montlhery — Velocity  of  sound  in  water ;  experiments  made  on 
the  Lake  of  Geneva,  by  Colladon  and  Sturm — Velocity  of  soimd  through  dif- 
ferent solid,  liquid,  and  gaseous  bodies Page  126 

CHAPTER  III. 

PROPAGATION     OF     SOUND. — PHENOMENA    OF    THE    REFLECTION    AND    REFRACTION 

OF   SOUND. 

Echoes  and  resonances — Simple  and  multiple  echoes ;  explanation  of  these 
phenomena — Laws  of  the  reflection  of  sound  ;  experimental  verification — 
Phenomena  of  reflection  at  the  surface  of  elliptical  vaults — Experiments 
which  prove  the  refraction  of  sonorous  impulses Page  138 

CHAPTER  IV. 

SONOROUS      VIBRATIONS. 

Experiments  which  prove  that  sound  is  produced  by  the  vibratory  movement  of  the 
particles  of  solid,  liquid,  and  gaseous  bodies — Vibrations  of  a  cord,  rod,  or  bell 
— Trevelyan's  instrument — Vibrations  of  water  and  of  a  column  of  air — Nature 


xii  COXTENTS, 


of  souml :  ])itch,  intensity,  and  clang-tint — The  pitch  depends  on  the  number 
of  vibntions  of  the  soundinj;  bo<ly  ;  Savart's  toothed  wheel ;  Cagniard-Latour's 
«nd  See)H\*k*B  Hyrens-  Graphic  method — Variable  intensity  of  sound  during 
the  day  and  night — Limit  of  perceptible  sounds Pagt  146 

CHAPTER  V. 

LAWS   OF   SONOROUS    VIBRATIONS,    IN    STRINGS,    RODS,   PIPlfiS,   AND    PLATES. 

K\]wrimental  study  of  the  laws  which  govern  the  vibration  of  strings — Monochord 
or  Sonometer — Nodes  and  ventral  segments  ;  harmonics — Laws  of  the  vibra- 
tions of  sonorous  pi|)es — Vibrations  in  rods  and  plates — Nodal  lines  of  square, 
round,  and  polygonal  plates P<igt  163 

(CHAPTER  VL 

PROPAGATION    0¥   SOUND    IN    AIR. — SOUND   WAVES. 

Nature  of  sound  waves ;  their  projwigation  in  a  tube — The  wave  of  condensation 
and  the  wave  of  rarefaction — Length  of  sonorous  undulations — Propagation 
through  an  unlimited  medium ;  spherical  waves  ;  diminution  of  their  amplitude 
with  the  disUmcc — Direction  of  sound  waves — Co-existence  of  unduktions — 
Perception  of  simultaneous  sounds  ;  Weber^s  experiments     .     .     .     Page  178 

CHAPTER  VII. 

MUSICAL   SOUNDS. — THE   GAMUT,   OR   MUSICAL   SCALE. 

Distinction  between  noises  and  musical  sounds — Definition  of  the  gamut ;  intervals 
which  compose  it — The  scale  of  the  musical  gamut  is  unlimited ;  convention 
which  limits  it  in  practice — Names  and  values  of  the  intervals  of  the  natural 
major  scale — Modulations  ;  constitution  of  the  major  scales  proceeding  by 
sharps  and  flats— Minor  scale Page  185 

CHAPTER  Vm. 

OPTICAL  STUDY  OF  SOUNDS. 

Vibration."*  of  a  tuning-fork  ;  the  sinuous  curve  by  which  they  are  represented — 
Appreciation  of  the  (comparative  pitch  of  two  notes  by  the  optical  method  of 
M.  Liss^ijouM  Optical  curves  of  the  different  intervals  of  the  scale  ;  differences 
of  phaso  Determination  of  the  concord  of  two  tuning-forks — Vibrations  of 
columnM  of  air  in  tubes  ;  manometric  flames,  M.  Koenig's  method — Comparative 
study  of  the  Kounds  given  out  by  two  tubes  ;  the  nodes  and  neutral  segments  of 
c(»lunins  of  air Page  193 

CHAPTER  IX. 

<il*ALITY    OK   MUSICAL   NOTES. 

Simple  and  com]>ound  notes— Co-existence  of  harmonics  with  the  fundamental 
notes— The  quality  (clang-tint)  of  a  note  dejwnds  on  the  numl>er  of  the  harmonics 
and  their  rt'Iative  intensity  ;  M.  Helmholtz's  theory — Harmonic  resonant 
chambers  (rrMm naU nrtt^ :  ex]>erimental  study  of  the  quality  of  musical  notes — 
(Quality  of  Towels Pagt  2()4 


CONTEXTS.  xiii 


CHAPTER  X. 

HEARING     AND    THE    VOICE. 

Organ  of  hearing  in  nian  ;  anatomical  description  of  the  ear — The  external  ear  ;  the 
orifice  aCnd  auditory  meatus — The  intermediate  ear ;  tlie  drum  and  its  membrane : 
chain  of  small  bones — The  internal  ear  or  labyrinth  ;  semicircular  canals,  the 
cochlea  and  fibres  of  Corti ;  auditory  ner\'e — R61e  of  these  different  organs  in 
hearing  ;  the  difference  between  hearing  and  listening — The  organ  of  the  voice 
in  man ;  larjnx,  vocal  cords — Clang-tint  of  voices Page  208 


BOOK    III. 
LIGHT. 

CHAPTER  I. 

SOURCES    OF    LIGHT   ON    THE   SURFACE   OF   THE    EARTH. 

Sources  of  cosmical  light  :  the  sun,  planets,  and  stars — Terrestrial,  natural,  and 
artificial  luminous  sources — Lightning  ;  Polar  aurorie  ;  electric  light ;  volciinic 
fires  ;  light  obtained  by  combustion Page  2 ID 

CHAPTER  II. 

THE    PROPAGATION    OF    LIGHT    IN    HOMOGENEOUS    MEDIA. 

Light  is  propagated  in  vacuo — Transparent,  solid,  liquid,  and  gaseous  bodies  ; 
transparency  of  the  air — Translucid  bodies — Light  is  propagated  in  a  right  line 
in  homogeneous  media  ;  rays,  luminous  pencils,  and  bundles  of  rays — Cone  of 
shadow,  broad  shadow,  cone  of  penumbra — The  camera  obscura— Light  is  not 
propagated  instantaneously — Measure  of  the  velocity  of  light  by  the  eclipse  of 
Jupiter's  satellites— Methods  of  MM.  Fizeau  and  Foucault     .     .     .     Page  221 

CHAPTER  III. 

PHOTOMETRY. — MEASURING   THE    INTENSITY   OF    LIGHT   SOURCES. 

Luminous  intensity  of  light  sources,  illuminating  power — Principles  of  photometry 
— Law  of  distances — Liiw  of  cosines — Rumford's  photometer — Bouguer's  photo- 
meter— Determination  of  the  illuminating  power  of  the  Sun  and  the  full  Moon 
—Stelhir  photometer Pag*  23^ 


xir  COXTENTS, 


CHAPTER  IV. 

REFLECTION   OF   LIGHT. 

Phenomena  of  reflection  of  light — Light  reflected  by  mirrors  ;  diffused  light ;  why 
we  see  things — Path  of  incident  and  reflected  rays  ;  laws  of  reflection — Images 
in  plane  mirrors — Multiple  images  between  two  parallel  or  inclined  surfaces  ; 
kaleidoscope— Polemoscope  ;  magic  lantern — Spherical  curved  mirrors  ;  foci 
and  images  in  concave  and  convex  mirrors — Caustics  by  reflection — Conical  and 
cylindrical  mirrors — Luminous  spectres Page  247 

CHAPTER  V. 

REFRACTION   OF   LIGHT. 

Bent  stick  in  water  ;  elevation  of  the  bottoms  of  vessels — Laws  of  the  refraction 
of  light ;  experimental  verification — Index  of  refraction — Total  reflection — 
Atmospheric  refraction  ;  distortion  of  the  sun  at  the  horizon  .     .     .     Pagt  275 

CHAPTER  VI. 

REFRACTION   OF  LIGHT. — PRISMS   AND   LENSES. 

Transparent  plates  with  parallel  faces  ;  deviation  of  luminous  rajrs — Multiple 
images  in  a  silvered  mirror — Prisms — Phenomena  of  refraction  in  prisms — 
Converging  and  diverging  lenses — Real  and  virtual  foci  of  converging  lenses ; 
real  and  virtual  images — Foci  and  images  of  diverging  lenses — Dark  chamber— 
Megascope — Magic  lantern  and  phantascope — Solar  microscope  .     .    Page  286 

CHAPTER  VII. 

colours:    THE    COLOURS    OF    LIGHT    SOURCES,    AND    OF    NON-LUMINOUS    BODIES. — 

DISPERSION   OF  COLOURED    RATS. 

White  colour  of  the  sun's  light — Decomposition  of  white  light  into  seven  simple 
colours ;  solar  spectnim — Recomposition  of  white  light  by  the  mixture  of  the 
coloured  rays  of  the  spectrum — Newton's  experiment  :  unec{uai  refrangibility 
of  simple  rays— Colours  of  non-luminous  bodies Page  306 

CHAPTER  VIII. 

COLOURS. 

Classification  of  colours — Tones  and  scale  of  the  colours  of  the  solar  spectrum,  after 
the  method  of  M.  (>hevreul — (^hromatic  circles  of  pure  and  sulxlued  colours  ; 
tones  and  scales — Complementary  colours* Pagt  317 

CHAPTER  IX. 

UNES    OF   THE   SOLAR   SPECTRUM. 

The  discoveries  of  Wollaston  and  Frannhofer ;  dark  lines  distributed  through  the 
different  {Kirt/^  of  the  solar  s[)cctrum  —Spectral  lines  of  other  luminous  sources - 
S|)octral  annlynis ;  spectrum  of  metals ;  inversion  of  the  spectra  of  flames- 
Chemical  analysis  of  the  atmosphere  of  the  sun,  of  the  light  of  stars,  nebulas 
and  comets    ...         '.    Pagt  323 


CONTENTS.  XV 


CHAPTER  X. 

SOLAR   RADIATIONS. — CALORIFIC,   LUMINOUS,  AND   CHEMICAL. 

DiviBions  of  the  spectrum  ;  maximum  luminous  intensity  of  the  spectnim — Obscure 
or  dark  rays  ;  heat  rays  ;  chemical  rays — Fluorescence,  calorescence. 

Page  336 

CHAPTER  XI. 

PHOSPHORESCENCE. 

Phenomena  of  spontaneous  phosphorescence-  Animal  and  vegetable  phosphores- 
cence— Glow-worms  and  fulgurse  ;  infusoria  and  medusoe — Different  conditions 
which  determine  the  phosphorescence  of  bodies — Phosphorescence  by  inso- 
lation— BecquereFs  phosphoroscope P(ig^  341 

CHAPTER  XII. 

WHAT      IS      LIGHT? 

Hypotheses  concerning  the  nature  of  light — Newton's,  emission  theory — Huyghens' 
undulatory  theory ;  vibrations  of  the  ether — Propagation  of  luminous  waves  ; 
wave-lengths  of  the  different  rays  of  the  spectrum  ......     Page  348 

CHAPTER  XIII. 

INTERFERENCE   OF    LUMINOUS   WAVES. — PHENOMENA    OF    DIFFRACTION. — GRATINGS. 

Dark  and  bright  fringes  due  to  very  small  apertures — Grimaldi's  experiment — 
Interference  of  luminous  waves  ;  experimental  demonstration  of  the  principle  of 
interference — Phenomena  of  diffraction  produced  by  slits,  apertures  of  different 
form  and  gratings — Coloured  and  monochromatic  fringes    ....     Pa^e  357 

CHAPTER  XIV. 

COLOURS    OF   THIN    PLATES. 

The  soap-bubble — Iridescent  colours  in  thin  plates — Newton's  experiment  on 
coloured  rings  ;  bright  and  dark  rings — Laws  of  diameters  and  thicknesses — 
Coloured  rings  are  phenomena  of  interference — Analysis  of  the  colours  of  the 
soap-bubble Page  367 

CHAPTER  XV. 

DOUBLE   REFRACTION   OF   LIGHT. 

Discovery  of  double  refraction  by  Bartholin — Double  images  in  crystals  i»f 
Iceland  spar — Ordinary  and  extraordinary  rays  ;  principal  section  and  optic 
axis — Positive  and  negative  crystals — Bi-refractive  crystals  with  two  axes, 
or  biaxial  crystals Paga  376 


xvi  COXTKNTS. 


CHAPTER  XVI. 

P<iLAKIZATION   OF    LIGHT. 

K<|iial  iiiteaiity  of  the  onliuary  and  extraordinary  imaged  in  a  doubly  refractive 
cryrttaL — Huy^lienH^  ex|>erimenUi ;  variations  of  intensity  with  four  images  ; 
[Milariztfd  li;(ht.— Polarization  of  the  ordinary  ray  ;  polarization  of  the  extra- 
onlinary  ray  :  the  two  planes  in  which  these  ]K>larization8  take  place. — Polariza- 
tion hy  reflection Page  3><r> 

CHAPTER  XVII. 

CHROMATIC      POLARIZATION. 

l>ij4<-overy  of  the  colours  of  polarized  light,  by  Arago.— Thin  plates  of  doubly 
H'fnu-'tive  Hulmtances  ;  variations  of  colours  according  to  the  thickness  of  the 
platen.— (*olouni  nhown  by  conipresseil  and  heated  glass.— Coloured  rings  in 
(•rvHtaU  with  one  or  with  two  axes. —  Direction  of  luminous  vibrations  ;  they  are 
[leriiendicular  to  the  direction  of  propagation,  or  parallel  to  the  surface  of  the 
waves Page  397 

C^HAPTER  XVIII. 

T  H  K      E  Y  K      A  .\  D      V  I  8  I  O  S. 

Description  of  the  human  eye.  -  Formation  of  images  on  the  retina. — Distinct 
vision  of  the  nornml  eye. — Conformation  of  the  eyes  in  long-  and  short-sighted 
(lersouH Page  4W 


no  OK   IV. 

UK  A  T. 
CHAPTKK  I. 

hlLVTATloN.  -    THKUMUMKTKRS. 

Si'iihiitioUH  of  lit'iit  uihI  cold  ;  causes  of  error  in  the  {KTception  of  the  tem|>eruture 
of  ImmHi's.  (fi'Mcnd  plicnomena  of  dilatation  and  contraction  in  solids,  liquids, 
and  guKfH.  -T<Mii|K'nituro  of  l>odies. — Thermometers  based  on  dilatation  and 
rontnu'tion.  The  mercurial  thermometer.—  Alcohol  thermometer. — Air  ther- 
iiionieU*rM  ;  met4illi('  thermometers Page  415 

(CHAPTER  11. 

MB^iHURR    OK    EXPANSION. 

KtfectH  of  variations  of  temperature  in  solids,  li([uids,  and  gases. — Applications  t<» 
the  arts.  -  Rupert's  dro[»s. — Measure  of  the  linear  ex[Ninsion  of  solids. — ExiNin- 
Hion  <^f  crystaln. — Contraction  of  iodide  of  silver.--  Absolute  and  apparent  ex- 
iNiiiNion  of  liquids. -All  gases  exi)and  to  the  same  extent  between  certain  limits 
of  tem|H.*niture Page  432 


CONTENTS.  xvii 


CHAPTER  III. 

EFFECTS   OF   VARIATIONS   OF   TEMPERATURE  :     CHANGES   IN   THE   STATE   OF   BODIES. 

The  passage  of  bodies  from  a  solid  to  a  liquid  state  :  fusion. — Return  of  liquids  to 
the  solid  state :  solidification  or  congelation. — Etjuality  of  the  temperatures  of 
fusion  and  solidification. — Passage  of  liquids  into  gases  :  difference  between 
evaporation  and  vaporization. — Phenomenon  of  ebullition  :  fixed  tenq)erature 
of  the  boiling-point  of  a  licjuid  under  a  given  pressure. — Return  of  vapours 
and  gases  into  a  liquid  condition  :  liquefaction  and  congelation  of  carbonic 
acid  and  several  other  gases. — A  permanent  gas  defined      ....    Page  443 

CHAPTER  IV. 

PROPAGATION   OF  HEAT. —RADIANT   HEAT. 

Heat  is  transmitted  in  two  different  ways,  by  conduction  and  by  radiation.  - 
Examples  of  these  two  modes  of  propagation. — Radiation  of  obscure  heat  in 
vacuo. — Radiant  heat  is  propagated  in  a  straight  line  ;  its  velocity  is  the  same 
as  that  of  light. — ^Laws  of  the  reflection  of  heat ;  experiments  with  conjugate 
mirrors. — Apparent  radiation  of  cold. — Burning  mirrors. — Refraction  of  heat ; 
burning  glasses. — Similarity  of  radiant  heat  and  of  light. — Study  of  radiators, 
reflectors,  absorbing  and  diathennanous  bodies. — Thermo-electric  pile  ;  ex^jeri- 
meDts  of  Leslie  and  Melloni Page  457 

CHAPTER  V. 

TRANSMISSION   OF   HEAT   BY  CONDUCTION. 

Slow  transmission  of  heat  in  the  interior  of  bodies. — UuequiU  conductivity  of 
solids. — Conductivity  of  metals,  cryst^ds,  and  non-homogeneous  bodies. — Pro- 
pagation of  heat  in  liquids  and  gsises;  it  is  principally  effected  by  transport 
or  convection.  —Slight  conductivity  of  liquid  and  gaseous  bodies .     .     Page  477 

CHAPTER  VI. 

CALORIMETRT. — SPECIFIC   HEAT  OF  BODIES. 

Definition  of  a  unit  of  heat. — Heat  absorbed  or  disengaged  by  bodies  during  vari- 
ations in  their  temperature. — Specific  heat  of  solids. — Latent  heat  of  fusion. — 
Ice-calorimeter.—  Latent  heat  of  vaporization  of  water     ....       Page  484 

CHAPTER  VII. 

SOURCES      OF      HEAT. 

Solar  heat ;  measure  of  its  intensity  at  the  surface  of  the  earth,  and  at  the  limits 
of  the  atmosphere ;  total  heat  radiated  by  the  sun. — Temperature  of  space. 
— Internal  heat  of  the  globe. — Heat  disengaged  by  chemical  combinations  ; 
combustion. — Heat  of  combustion  of  various  simple  bodies. — Production  of 
high  temperatures  by  the  use  of  the '  oxyhydrogen  blowpipe. — Generation  of 
heat  by  mechanical  means  :  friction,  percussion,  compression  .    .     .     Page  A\)'l 

b 


xviu  CONTENTS, 


CHAPTER  VIII. 

HEAT  A  8PSCIE8  OF   MOTION. 

What  we  understand  by  the  mechanical  equivalent  of  heat — Joule's  experiments 
for  determining  this  equiralent. — ^Reciprocal  transformation  of  heat  into  me- 
chanical force,  and  of  mechanical  force  into  heat — Heat  is  a  particular  kind 
of  motion Fagt  604 


BOOK  V. 

MAGNETISM. 

CHAPTER  I. 

MAGNETS. 

Phenomena  of  magnetic  attraction  and  repulsion. — Natural  and  artificial  magnets ; 
magnetic  substances. — Poles  and  neutral  line  in  magnets. — Action  of  magnets 
on  magnetic  substances ;  action  of  magnets  on  magnets. — Law  of  magnetic 
attraction  and  repulsion. — Direction  of  the  magnetic  needle;  declination  and 
inclination ;  influence  of  the  terrestrial  magnet — Process  of  magnetization. — 
Attractive  force  of  magnets Pagt  511 


BOOK  VI. 

ELECTRICITY. 

m 

CHAPTER  I. 

ELECTRICAL  ATTRACTION  AND  REPULSION. 

Attraction  of  amber  for  light  bodies. — Gilbert's  discoveries ;  electricity  developed 
by  the  friction  of  a  number  of  bodies. — Study  of  electrical  attraction  and  repul- 
sion ;  insulators,  or  bad  conductors ;  good  conductors. — Electrical  pendulum.— 
Resinous  and  vitreous,  positive  and  negative  electricity. — Laws  of  electrical 
attraction  and  repulsion. — Distribution  of  electricity  on  the  surface  of  bodies. — 
Influence  of  points Page  631 

CHAPTER  IL 

ELECTRICAL     MACHINE& 

Electrification  at  a  distance ;  development  of  electricity  by  induction. — Distribution 
of  electricity  on  a  body  electrified  by  induction.— Hypothesis  as  to  the  normal 
condition  of  bodies ;   neutral  electricity  proceeding  from  the  combination  of 


CONTENTS.  xix 


positive  and  negative  electricities. — Electroscopes ;  electric  pendulum ;  dial 
and  gold-leaf  electroscopes. — Electrical  machines :  Otto  von  Guericke's  machine ; 
Ramsden,  or  plate-glass  machines ;  machines  of  Naime  and  Armstrong. — The 
electrophorus Fage  545 


CHAPTER  III. 

LETDBN  JAR. — ELECTRICAL  CONDENSERS. 

The  experiments  of  Cuneus  and  Muschenbroeck ;  discovery  of  the  Leyden  jar.— 
Theory  of  electrical  condensation ;  the  condenser  of  -^pinus. — Jar  with  moveable 
coatings. — Instantaneous  and  successive  discharges. — Leichtenberg's  figures. — 
Electric  batteries. — The  universal  discharger. — Apparatus  for  piercing  a  card 
and  glass. — Transport  and  volatilization  of  metals  ;  portrait  of  Franklin. — 
Chemical  etfects  of  the  discharge ;  Volta's  pistol. — Fulminating  pane. 

Fagt  667 

CHAPTER  IV. 

THE   PILE  OR  BATTERY. — ELECTRICITY  DEVELOPED   BY  CHEMICAL  ACTION. 

Experiments  of  Gal  van  i  and  discoveries  of  Volta  ;  condensing  electrometer. — 
Description  of  the  upright  pile. — Electricity  developed  by  chemical  actions. — 
Theory  of  the  pile  ;  electro-motive  force  ;  voltaic  current. — Electricities  of  high 
and  low  tension. — Couronne  de  tasses ;  Wollaston's  pile ;  helical  pile. — Constant- 
current  piles;  Daniell,  Bunsen,  and  Grove  elements. — Physical,  chemical,  and 
physiological  effects  of  the  pile. — Experiments  with  dead  and  living  animals. 

Fagt  685 

CHAPTER  V. 

ELBCTRO-MAONETISM. 

Action  of  a  current  on  the  magnetic  needle ;  Oersted  and  Ampere. — Schweigger*! 
multiplier ;  construction  and  use  of  the  galvanometer. — Action  of  magnets  on 
currents. — Action  of  currents  on  currents. — Influence  of  the  terrestrial  magnetic 
force. — Ampere's  discoveries ;  solenoids;  the  electrical  helix ;  theory  of  magnets. 
— Magnetism  of  soft  iron  or  steel  discovered  by  Arago ;  magnetization  by  means 
of  helices. — The  electro-magnet ;  its  magnetic  power ;  its  effects  .    .    Fagt  604 


CHAPTER  VI. 

■  PHENOMENA  OF  INDUCTION. 

Discovery  of  induction  by  Faraday. — Induction  by  a  current ;  inducing  coil  and 
induced  coil. — Induction  by  a  magnet. — Machines  founded  on  the  production  of 
induced  currents. — Clarke's  machine. — Ruhiukorff's  machine. — Commutator. — 

Effects  of  the  induction  coil Fagt  620 

6  2 


XX  coy  TEXTS. 


CHAPTER  VII. 

THE      ELECTRIC      LIGHT. 


Spark.s  o}>tiiinc<l  by  static  electrical  discharges  ;  himiiipus  tiift^s. — Liglit  in  rarefied 
gases.  —  Voltaic  arc  ;  phenomena  of  tninsport ;  fonn  of  the  carbon  points. — 
Intensity  of  the  electric  light. — Electric  light  of  induction  currents. — Stratifi- 
cations ;  experiments  with  Geissler's  tubes. — Phosphorescence  of  sulphate  of 
quinine Pa^f  C>3i 


BOOK  VII. 

ATMOSPHERIC  METEORS. 

Optical  meteors  :  mirage,  rainbow. — Tension  of  aqueous  vapour  in  the  atmosphere  ; 
hygronjetry. — Clouds  and  fogs. — Dew,  rain,  snow. — Cr3'stals  of  snow  and  ice. — 
Variations  of  bjirometric  pressure. — Measure  of  maxima  and  minima  tempe- 
ratures.— Electriciil  meteors  ;  thunderbolts,  thunder  and  lightning. — Aurora) 
borcales Page  C45 

Index Page  G71 


COLOURED   PLATES. 


PLATE  PAOB 

I.  Classification    of    Colours     (Chromatic    Circle    of    Pure 

Colours) 317 

II.  Classification  of  Colours  (Chromatic  Circle  toned  down  by 

^  black) 320 

III.  Chromatic  Scales,  Violet  and  Yellow 321 

IV.  Spectra  of  different  Liqht  Sources 352 

V.  Monochromatic  Fringes 362 

VI.  Polychromatic  Fringes 364 

VII.  Soap  Bubble {Froyit)  373 

VIII.  Coloured  Kings  produced  by  Doubly  Refracting  Prisms  .    .  400 

IX.  Polar  Aurora  Borealis 521 

X.  The  Electric  Arc  in  Rarefied  Gases 642 

XI.  Double  Rainbow 650 


LIST  OF  ILLUSTRATIONS  ON  WOOD. 


no.  rAOB 

1.  Action  of  weight  shown  by  the  tension  of  a  spring 4 

2.  Conveigence  of  the  verticals  towards  the  centre  of  the  earth     ....  11 

3.  The  Leaning  Tower  at  Pisa 17 

4.  Experiment  showing  the  equal  velocity  of  bodies  falling  in  vacuo  ...  19 

5.  The  direction  of  gravity  is  perpendicular  to  the  surface  of  liquids  at  rest  21 

6.  Eastern  deviation  in  the  fall  of  bodies 23 

7.  Movement  of  heavy  bodies  on  an  inclined  plane 24 

8.  Pulley  of  Attwood's  machine 25 

9.  Experimental  study  of  the  laws  of  falling  bodies.     Att wood's  machine  .  26 

10.  Experimental  study  of  falling  bodies.    Law  of  spaces  described    ...  27 

11.  Experimental  study  of  falling  bodies.    Law  of  velocity 29 

12.  M.  Morin's  machine 30 

13.  Parabola  described  by  the  weight  in  its  fall 31 

14.  Oscillatory  movement  of  a  simple  pendulum 36 

15.  Compound  pendulum 38 

16.  Effect  of  centrifugal  force 40 

17.  Borda's  penduluuL    Platinum  sphere  and  knife-edge 41 

18.  Boida's  penduluuL    Measurement  of  the  time  of  an  oscillation  by  the 

method  of  coincidences 42 

19.  Weight  of  a  body  ;  centre  of  gravity 45 

20.  Centres  of  gravity  of  parallelograms^  a  triangle,  a  circle,  a  circular  ring, 

and  an  ellipse 47 

21.  Centres  of  gravity  of  a  prism,  pyramid,  cylinder,  and  cone 48 

22.  Centres  of  gravity  of  an  ellipsoid  and  a  sphere  of  revolution     ....  48 

23.  Experimental  determination  of  the  centre  of  gravity  of  a  body  of 

irregular  form  or  non-homogeneous  structure 49 

24.  Equilibrium  of  a  body  supported  on  a  plane  by  one  or  more  points    .    .  50 

25.  Equilibrium  of  a  body  resting  on  a  plane  by  three  supports 50 

26.  Positions  of  equilibrium  of  persons  carrying  loads 51 

27.  Equilibrium  on  an  inclined  plane 51 

28.  Stable,  neutral,  and  unstable  equilibrium 52 

29.  Scales 53 

30.  Chemical  balance :  the  beam 54 

31.  Chemical  balance 55 

32.  Flowing  of  sand 69 


xxiv  LIST  OF  ILL  USTRA  TIONS. 


FIO.  VAOB 

3'5.     Cohesion  of  liquid  molecules 60 

34.     Spherical  fomi  of  dew-ilrops 60 

'.\T).     ('ohe«ion  of  liquid  molecules  ;  drops  of  mercury 61 

.*>^;.     I'rirniph*  of  the  hydraulic  pre.^'H 62 

M.  The  pressure  exercined  on  one  point  of  a  liquid  is  transmitted  equally  in 

everv  direction 63 

3s.     The  surface  of  liquitLs  in  repose  is  horizontal 63 

39.  i'ressure  of  a  liquid  on  the  bottom  of  the  vessel  which  contains  it     .     .  64 

40.  Pressure  of  a  liquid  on  the  bottom  of  a  vessel :  Haldat  s  instrument      .  66 

41.  Pressure  of  a  liquid  on  a  horizontal  stratum 67 

42.  The  pressures  of  liquids  are  normal  to  the  walls  of  the  containing  vessel  67 

43.  Hydraulic  tourniquet 68 

44.  Hydrostatic  paradox 68 

45.  Hydrostatic  paradox.     Pascal's  experiment 69 

4f).     Kquililirium  of  superposed  licjuids  of  different  densities 70 

47.  Equality  of  hei^^ht  of  the  same  liquid  in  communicating  vessels    ...  71 

4S.  Communicating  vessels.     Heights  of  two  liquids  of  different  densities    .  72 

4!).  Experimental  demonstration  of  the  principle  of  Archimedes     ....  74 

50.  Principle  of  Archimedes.     Reaction  of  one  immersed  body  on  the  liquid 

which  contains  it 75 

51.  Et^uilibrium  of  a  body  immersed  in  a  liquid  of  the  same  density  as 

•  * 

its  own 78 

52.  Density  of  solid  iKxlies.     Methf>d  of  the  hydrostatic  balance    ....  79 

53.  Density  of  solid  bodies.     Charles'  or  Nicholson's  areometer      ....  80 

54.  Density  of  solid  bodies.     Method  of  the  specific  gravity  bottle     ...  81 

55.  Density  of  lif^uids.     Hydrostatic  balance 81 

56.  S{)ecific  gravity  of  liquids.     Fahrenheit's  areometer 82 

57.  Sj)€cific  gravity  of  lic^uids.     Method  of  the  sjKJcific  gravity  bottle      .     .  82 

58.  ExperimenUil  demonstration  of  the  weight  of  air  and  other  gases       .     .  86 

59.  Elasticity  and  compressibility  of  gases 87 

60.  Pneumatic  syringe 88 

61.  Torricelli  s  exi)eriment 90 

62.  Torricelli's  experiment.     Effect  of  the  weight  of  the  atmosphere  ...  90 

63.  Magdeburg  hemispheres 92 

64.  Bursting  a  bladder  ]»y  exhausting  the  air  underneath  it 92 

65.  Jet  of  water  in  v^iruo 93 

6().     Nonnal  or  standanl  barometer 95 

(»7.     An  onlinarv  cistern  barometer 95 

6H.     Cistern  of  Fortin's  barruneter 96 

69.  Fortin's  barometer  as  arning*^d  for  travelling 97 

70.  (fay-LuHsar's  barometer,  modified  by  Bunten 98 

71.  Dial  or  wheel  barometer 99 

72.  Bo'.irdon'H  aneroid  Imroineter HK) 

73.  Vidi'-*  ancToid  baroiiiet«T 101 

74.  Prifn'ipU'  of  the  surtioii-pump 103 

7.'*.     Surtion-piiriip 104 

76.  Fotr*'  purnp 105 

77.  (/umbiued  suction  and  force-pump 105 


LIST  OF  ILLUSTRATIONS.  xxv 


Fin.  PAOK 

78.  The  siphon 1()6 

79.  Action  of  the  piston  and  valves  in  the  air-pump 108 

80.  Detail  of  the  piston  and  its  valves 109 

81.  Air-pump  with  two  cylinders.     Transverse  section 109 

82.  Plan  of  the  air-pump  with  two  cylinders 110 

83.  Exterior  view  of  the  air-pump Ill 

84.  Bianchi's  air-pump.     Interior  view  of  the  cylinder 112 

85.  Bianchi's  air-pump.     General  view 113 

86.  The  baroscope 115 

87.  Ck)nden sing  machine.     Interior  view  of  the  piston 115 

88.  Silbermann's  condensing  pump.     Exterior  view 116 

89.  Silbermann's  condensing  pump.     Section 116 

90.  Connected  condensing  pumps 117 

91.  Experimental  proof  of  Mariotte's  law 118 

92.  Philosophical  lamp  or  chemical  harmon icon 128 

93.  Sound  is  not  propagated  in  a  vacuum 129 

94.  Measure  of  the  velocity  of  sound  through  air,  between  Villejuif  and 

Montlh^ry,  in  1822 132 

95.  Experimental  determination  of  the  velocity  of  sound  through  water     .  135 
96  Experiments  made  on  the  Lake  of  Geneva,  by  Colladon  and  Sturm      .  136 

97.  Reflection  of  sound.     Phenomena  of  resonance 139 

98.  Property  of  the  parabola 141 

99.  Experimental  study  of  the  laws  of  the  reflection  of  sound 142 

100.  Reflection  of  sound  from  the  surface  of  an  elliptical  roof 143 

101.  Sonorous  refraction.    M.  Sondhauss's  instrument 144 

102.  Vibrations  of  stretched  string 146 

103.  Vibrations  of  a  metal  rod 147 

104.  Proof  of  the  vibration  of  a  glass  bell 148 

105.  Vibrations  of  a  metal  clock-bell 149 

106.  Trevelyan*s  instrument 149 

107.  Trevelyan's  instrument.     Cause  of  vibratory  movements 150 

108.  Vibrations  of  liquid  molecules 150 

109.  Vibrations  of  a  gaseous  column 151 

110.  Savart's  toothed  wheel.     Study  of  the  number  of  vibrations  producing 

sounds  of  a  given  pitch 152 

111.  Cagniard-Latour's  Syren 153 

112.  Interior  view  of  the  Syren 153 

113.  Seebeck's  Syren 154 

114.  Graphic  study  of  the  sonorous  vibrations.     Phonautograjjliy   ....  156 

115.  Combination  of  two  parallel  vibratory  movements 156 

116.  Combination  of  two  rectangular  vibratory  movements 157 

117.  Sonometer 164 

118.  Harmonic  sounds.     Nodes  and  ventral  segments  of  a  vibrating  string  .  167 

119.  Harmonics.     Nodes  and  ventral  segments  of  a  vibrating  striucc  •     •     •  168 

120.  Vibrations  of  compound  sounds 169 

121.  Prismatic  sonorous  pipes 170 

122.  Cylindrical  sonorous  pipes 170 

123.  Tubes  of  similar  forms 171 


xxTi  LIST  OF  ILL  USTRA  TIONS, 


ria.  'A«« 

124.  Soaoroas  tubes.     Laws  of  the  vibrations  of  open  and  closed  tubes  of 

different  lengths 172 

125.  Longitudinal  yibrations  of  rods 174 

126L     Vibrations  of  a  plate 175 

127.  Nodal  lines  of  vibrating  square  plittea,  according  to  Savart      ....  176 

128.  Nodal  lines  of  vibrating  circular  or  polygonal  plates^  according  to 

Chladni  and  Savart 177 

129.  Nodes  and  segments  of  a  vibrating  bell 177 

130.  Propagation  of  the  sonorous  vibrations  in  a  cylindrical  and  unlimited 

gaseous  column 179 

131.  Curve  representing  a  sound  wave 179 

132.  Propagation  of  a  sonorous  wave  through  an  unlimited  medium    .     .     .  181 

133.  Experiment  proving  the  co-existence  of  waves.    Propagation  and  reflec- 

tion of  liquid  waves  on  the  surfiice  of  a  bath  of  mercury   .     .     .     .  183 

134.  A  tuning-fork  mounted  on  a  sounding-box 194 

135.  Optical  study  of  vibratory  movements 196 

136.  Optical  curves  representing  the  rectangular  vibrations  of  two  tuning- 

forks  in  unison 197 

137.  Optical  curves.    The  octave,  fourth  and  fifth 197 

138.  Open  tube  with  manometric  flames 199 

139.  Manometric  flames.     Fundamental  note,  and  the  octave  above  the 

fundamental  note ...  200 

140.  Apparatus  for  the  comparison  of  the  vibratory  movements  of  two 

sonorous  tubes 201 

141.  ^lanometric  flames  simultaneously  given  by  two  tubes  at  the  octave  202 

142.  Manometric  flames  of  two  tubes  of  a  third 202 

143.  M.  Helmholtz's  resonance  globe 205 

144.  M.  Koenig's  apparatus  for  analysing  clang-tints 206 

145.  The  human  ear  ;   section  of  the  interior  tympanum  ;  chain  of  small 

bones.     Internal  ear ;  labyrinth 210 

146.  Details  of  the  auditory  ossicles 211 

147.  Section  of  the  cochlea 211 

148.  Auditory  apparatus  of  fishes  ;  ear  of  the  Ray 212 

149.  The  human  voice  ;  interior  view  of  the  larynx.    Glottis  ;  vocal  chords  213 

150.  Propa^tion  of  light  in  a  right  line 224 

151.  Rectilinear  propagation  of  light 224 

152.  Cone  of  shadow  of  an  opaque  body.     Completed  shadow 225 

153     Cones  of  umbra  and  penumbra 226 

154.  Silhouettes  of  perforated  cards  ;  effect  of  the  umbra  and  penumbra     .  227 

155.  Inverted  image  of  a  candle 228 

156.  Images  of  the  sun  through  openings  in  foliage 229 

157.  Dark  chamber.     Reversed  image  of  a  landscape 230 

158.  Measure  of  the  velocity  of  light  by  the  eclipses  of  Jupiter's  satellites  .  232 

159.  M.  Fizeau's  instrument  for  the  direct  measure  of  the  velocity  of  light .  235 

160.  Measure  of  the  velocity  of  light  by  M.  Fiseau 236 

161.  Law  of  the  H<|UAre  of  distances 241 

162.  Rumford's  photometer 243 

163.  Bouguer  B  photometer 244 


LIST  OF  ILLUSTRATIONS.  xxvii 


VIO.  PAGE 

164.  Phenomena  of  reflection 249 

165.  Experimental  stady  of  the  laws  of  the  reflection  of  light 251 

166.  Reflection  from  a  plane  mirror.    Form  and  position  of  the  images   .     .  252 

167.  Reflection  from  a  plane  mirror.     Field  of  the  mirror 253 

168.  Reflections  from  two  plane  parallel  mirrors.    Multiple  images     .     .     .  254 

169.  Images  on  two  mirrors  inclined  at  right  angles  to  each  other   ....  255 

170.  Images  in  mirrors  at  right  angles  (90**) 255 

171.  Images  in  mirrors  at  60*^ 255 

172.  Images  in  mirrors  at  45° *.     .  256 

173.  Symmetrical  images  formed  in  the  kaleidoscope 256 

174.  Polemoscope 257 

175.  Magic  telescope 258 

176.  Concave  mirror.    Inverted  image,  smaller  than  the  object .....  259 

177.  Concave  mirror.    Inverted  images,  larger  than  the  object 260 

178.  Concave  mirror.    Virtual  images,  erect  and  larger  than  the  object   .    .  261 

179.  Concave  mirror.    Path  and  reflection  of  rajs  parallel  to  the  axis.  Prin- 

cipal focus 262 

180.  Concave  mirror.    Conjugate  foci 263 

181.  Concave  mirror.    Virtual  focus 263 

182.  Concave  mirror.    Real  and  inverted  image  of  objects 264 

183.  Concave  mirror.    Erect  and  real  image  of  objects 264 

184.  Upright  virtual  image  in  convex  spherical  mirror 265 

185.  Convex  mirror.    Erect  and  virtual  image 266 

186.  Caustic  by  reflection 266 

187.  Caustic  by  reflection 267 

188.  Cylindrical  mirror.    Anamorphosis 267 

189.  Reflection  on  conical  mirrors.     Anamorphosis 268 

190.  Light  reflected  very  obliquely 269 

191.  Irregular  reflection  or  scattering  of  light  on  the  surface  of  an  unpolished 

body 270 

192.  The  Ghost  (produced  by  reflection) 271 

193.  Arrangement  of  the  unsilvered  glass  and  the  position  of  the  Ghost .     .  273 

194    Phenomena  of  refraction  of  light.    The  bent  stick 275 

195.  Refraction  of  light.    Apparent  elevation  of  the  bottoms  of  vessels  .     .  276 

1^^.    Experimental  demonstration  of  the  laws  of  refraction 278 

197.  Law  of  sines 279 

198.  Explanation  of  the  bent  stick 280 

199.  Apparent  elevation  of  the  bottoms  of  vessels  ;  explanation    ....  280 

200.  Total  reflection.    Limiting  angle 281 

201.  Phenomenon  of  total  reflection       282 

202.  Phenomenon  of  total  reflection,  in  the  shutter  of  a  camera  obscura  .     .  283 

203.  Atmospheric  refraction.     The  effect  on  the  rising  and  setting  of  stars  .  284 

204.  Normal  view.     \    Deviation  due  to  refraction  through  plates  with  ^ 


)    Deviation  due  to  refraction  through  plates  with  ) 
i        parallel  faces ) 


205.  Oblique  view.    S       parallel  faces 

206.  Path  of  a  luminous  pencil 287 

207.  Multiple  images  produced  by  refraction  in  plates  with  parallel  faces  288 

208.  Path  of  the  rays  which  give  place  to  the  multiple  images  of  plates  with 

parallel  faces -2%^ 


xxviii  LIST  OF  ILLUSTRATIONS, 


KIO 


PAOK 

201).     Geometrical  form  of  the  prism 288 

210.  Prism  mounted  on  a  stand 288 

211.  Deviation  of  luminous  rays  by  prisms      ....          289 

212.  Images  of  objects  seen  through  prisms 290 

213.  Magnifying  glass  or  lens  with  convex  surfaces,  side  and  front  view  .     .  291 

214.  Converging  lenses. — Bi-convex   lens ;    plano-convex  lens  ;   converging 

meniscus 292 

215.  Diverging  lenses. — Bi-concave  lens  ;    plano-concave   lens  ;    diverging 

meniscus 292 

216.  Secondary  axes  of  lenses.     Opticid  centre 293 

217.  Path  of  rays  parallel  to  the  axis.     Principal  focus 294 

218.  The  lens  may  be  considered  as  an  assemblage  of  prisms 295 

219.  Path  of  rays  emanating  from  a  luminous  point  on  the  axis.     Conjugate 

foci 296 

220.  Path  of  rays  emanating  from  a  point  situated  between  the  principal 

focus  and  the  lenses.     Virtual  focus 296 

221.  Real  image,  inverted  and  smaller  than  the  object 297 

222.  Real  image,  inverted  and  larger  than  the  object 298 

223.  Image  of  an  object  situated  at  a  distance  from  the  lens  greater  than  the 

principal  focal  distance,  and  less  than  double  that  di^itance       .     .     .  298 

224.  Erect  and  virtual  images  of  an  object  placed  between  the  principal 

focus  an<l  the  len.s 299 

225.  Principal  virtual  focus  of  diverging  len.nes 299 

226.  Erect  virtual  images,  smaller  than  the  object  in  a  bi-concave  lens     .     .  300 

227.  Cameni  obscura 301 

228.  Lens-prism  of  the  camera  obscura 302 

229.  Megascope 302 

230.  Magic  lantern 303 

231.  Phantascope 304 

232.  Solar  microscope,  complete 304 

23^J.     Section  of  the  solar  microscope 305 

234.     Decompowition  of  light  by  the  prism.     Une<jual  refrangibility  of  the 

colouTH  of  the  Hpectnim 307 

2iJ5.     K<'corn  posit  ion  of  light  by  a  len.s 309 

236.  Kecoim>osition  of  light  by  prisms •  310 

237.  Kecon I  position  of  white  light  by  a  revolving  di.sc 311 

23H.     IJne(|nal  refrangibilities  of  various  colours 312 

239.     l-niMpiul  refrangibilities  of  simple  colours.     Newton's  experiment     .     .  313 

2 10.     A  fragment  of  the  solar  spectrum 325 

241.  Spectn>scojje 327 

242.  M.  K<1.  liec^iuerel's  phosphoroscope 345 

2 13.     Dim;  of  the  phosphoroscoi)e 346 

244.  (f  rimaldi  H  experiment.     D.irk  and  bright  fringes  proiluced  by  a  system 

of  two  Huuill  circular  holes 358 

245.  Interference  of  luminous  waves ,358 

246.  Frrsnel's  experiment  of  two  mirrors  ;  experimental  <leinonstration  of 

the  principle  of  interferonce 'M\{\ 

JLVt.     Krt'ecti*  of  ditfraotion  in  telescnj>c>.       Sir  J.  Herschi'l) 'M\\\ 


LIST  OF  ILLUSTRATIONS.  xxix 


Fio.  rAce 

248.  Stria?  of  mother-of-pearl  seen  with  a  magnifying  power  of  20,0^)0 

diameters 365 

249.  Thin  pkte  of  air  comprised  between  two  glasses,  one  plane,  the  other 

convex.     (Newton's  experiment  of  coloured  rings) 369 

250.  Newton's  coloured  rings 369 

261.     Colours  of  thin  plates  in  the  soap-bubble 373 

252.    Specimen  of  Iceland  spar 377 

263.    Double  images  of  objects  seen  through  a  crystal  of  Iceland  spjir    .     .     .  37B 

254.  Positions  of  the  extraonlinary  image  in  relation  to  the  plane  of  incidence. 

Principal  section 380 

255.  Principal  sections  and  optic  axis  of  Iceland  spar 380 

256.  Artificial  section  perpendicular  to  the  optic  axis 381 

257.  Crossing  of  the  rays  which  produce  the  ordinary  and  extraordinary  image  381 

258.  Rock  crystal 383 

259.  Propagation  of  ordinary  and  extraordinary  images  of  a  doubly  refracting 

crystal.     Equal  intensity 386 

260.  Equal  intensity  of  ordinary  and  extraordinary  images 386 

261.  Huyghens'  experiment.     Variations  in  intensity  of  the  images  seen 

when  one  prism  of  Iceland  spar  is  rotated  over  another 387 

262.  Polarization  of  the  ordinary  ray  by  double  refraction 388 

263.  Division  of  the  ordinary  ray.     Variable  intensities  of  the  images  of  the 

polarized  rays 389 

264.  Division  of  the  extraordinary  ray.     Intensities  of  the  images  of  the 

polarized  rays 389 

265.  Specimen  of  Siberian  tourmaline 391 

266.  The  polariscope  of  Mains  perfected  by  M.  Biot 394 

267.  Relation  between  the  polarized  ray  and  the  angle  of  polarization  of  a 

substance  and  the  refracted  ray 395 

268.  Colours  of  polarized  light  in  compressed  glass 399 

269.  Colours  of  polarized  light  in  unannealed  glass 400 

270.  Pincette  of  tourmaline 401 

271.  Horizontal  section  of  the  eyeball 407 

271a.  Diagrammatic  views  of  the  nervous  and  the  connective  elements  of  the 

retina,  supposed  to  be  separated  from  one  another 409 

272.  Formation  of  images  in  the  normal  eye 410 

273.  Formation  of  the  image  in  the  eye  of  a  long-sighted  person 411 

274    Formation  of  the  image  in  the  eye  of  a  short-sighted  person     ....  41 1 

275.  S'Gravesande's  ring.    Expansion  of  solids  by  heat ^  417 

276.  Expansion  of  solids 417 

277.  Linear  expansion  of  a  solid  rod 418 

27a     Expansion  of  liquids  by  heat 419 

279.  Expansion  of  gases  by  heat 419 

280.  Expansion  of  gases 420 

281.  Reservoir  and  tube  of  the  mercurial  thermometer 421 

282.  Determination  of  the  zero  in  the  mercurial  thermometer ;  temperature 

of  fusion  of  ice 422 

283.  Determination  of  the  point  100**  C,  the  temperature  of  boiling  water 

under  a  pressure  of  760  millimetre? 423 


%%%  LIST  OF  ILLUHTHATIONH. 


rf« 


9k 

2Ht    CVTiii((nde  themv/nMierii  with  th«;ir  grailnjited  icales 424 

VsU,    Thannfftiufinatl  ncmlm 425 

IMi,     A\r  ihtfrmomtUrrn  (f(  (iM*^  And  (*ornir\\nnT)r*:h\ft\ 427 

ZM7.     lytffntsni'ud  tlMrrmornftUfm  fff  IjcnVm  and  Humford 428 

2^HH,     TJnifqtSAl  #'X|ianiiiofi  of  two  diff«;rcnt  rnetali  for  the  ftame  eleration  of 

ti;rn|M;nittjr« ^429 

*ZHU.     MirtttJIic  dial  th<?nnorn«ft<fr 430 

2{^^     hr^i([wVn  uii'tAllic  thirrniomet^r 430 

*ZMU    lUMfm  of  the  C*oniicrvaUiire  dea  Arta  et  M^tien.    Walla  rectified  by 

force  of  contraction 434 

^n.     Ihitch  t4;ani,  or  RujM'rt'a  drojia 435 

203.     Mi'Jiaurn  of  the  linear  expaniiioQ  of  a  Aolid^  by  the  method  of  LaToiaier 

and  Laplai'e 436 

2(M.     liapUce  and  Lavoiaier'a  inatrument  for  the  meaaure  of  linear  expanaion  437 

2Urt.     Kxfierimant  prfirin^;  the  contraction  of  water  from  0^  to  4*^     ....  441 

2<l0.     KffectN  of  ex|mniiion  produced  by  the  freezin|(  of  water 447 

SNI7.     Kbiillition  in  open  air 449 

WH.     Papin'a  Di^eater 450 

21MI.     Kbiillition  of  water  at  a  temperature  lower  than  100^  C 451 

«'XM).     HjHintaneiiUH  evaiwration  of  a  li(|uid  in  the  barometric  vacuum.     First 

law  of  Daltim 452 

301.  Invariiibility  of  the  maximum  teuHion  of  the  same  vapour  at  the  same 

t4*tii|M!nituro.     Dalton'H  aecond  law 453 

302.  Incqualitif^N  of  the  maximum  tensions  of  different  vapours  at  the  same 

tem|M*niturc.     Dalton's  third  law 454 

;M)3.     ItiMliation  of  obscure  heat  in  vacuo 459 

;M>4.     llelloction  of  heat ;  experiments  with  parabolic  conjugate  mirrors    .     .  460 

:i05.     IlurninK  mirror 462 

.'MNl.     lU»fraction  of  heat 463 

307.     Ki'holon  lens 464 

;iOH.     Mraiiuro  of  tho  pmiiwivo  powers  of  bodies.  Experiment  with  Leslie's  cube  466 

3(H).     Klt«mi*ntN  of  the  thermo-electric  pile 468 

310.  Tlicrmo-olectric  pile  for  the  Mtudy  of  the  i>henomena  of  heat  .     •    .     .  469 

311.  Apimratus  uncd  by  Melloni  to  metiHuro  the  reflecting  power  of  bodies  .  470 

312.  Mrlloni's  apiMirutus  for  measuring  the  diathermanous  |>ower  of  bodies  .  474 

313.  ('ub<«  of  lM>iliug  water 474 

314.  riut<«  of  bluokenod  cop|>er  heated  to  400* 474 

31  A.     Innindosoent  Npiral  of  platinum 474 

3 HI.     Intonnity  of  nuliant  heat.    Law  of  the  squares  of  the  distances  .    .    .  476 

317.     Unequal  t^mductivities  of  ct)piH»r  and  iron 478 

31H.     I ngrnhoux' apitaratus  for  measuring  conducting  powers 478 

31U.     Kt|i0rimcnt  on  the  conductivity  of  iron  compared  with  that  of  bismuth  480 

32tV     Unequal  conductivity  of  tiuartz  in  diffenrnt  directions 480 

32 1.  Pn>|M'rty  of  metallic  gauxe  ;  obstacle  which  it  opposes  to  the  propagation 

of  hiHit 482 

322.  Meamm*  of  the  si^cciflc  heat  of  IkhIios.     Simple  ii'o  calorimeter   .     .     .  490 

323.  MiMUiure  of  the  s|)ccific  heat  of  boilies  by  the  ice  calorimeter  of  Laplace 

and  Lavoisier 490 


LIST  OF  ILLUSTRATIONS.  xxxi 


PIO.  PAOI 

324.  M.  Pouillet's  Pyrheliometer 494 

325.  Combustion  of  iron  in  oxygen 497 

326.  Flame  of  a  candle 498 

327.  Oxyhydrogen  blowpipe 499 

328.  Joule's  experiment.    Detennination  of  the  mechanical  equivalent  of 

heat 506 

329.  Attraction  of  iron  filings  by  a  natural  magnet 512 

330.  Magnetic  pendulum 513 

331.  Attraction  of  a  magnetic  bar  of  iron 514 

332.  Magnetic  figures.    Distribution  of  iron  filings  on  a  surface 515 

333.  Consequent  points,  or  secondary  poles  of  magnets 515 

334.  Attraction  and  repulsion  of  the  poles  of  magnets 516 

335.  Magnetization  by  the  influence  of  magnetism 517 

336.  Magnetization  by  influence  at  a  distance 518 

337.  Rupture  of  a  magnet ;  disposition  of  the  poles  in  the  pieces    .    .    .    .  518 

338.  Magnetic  needle 519 

339.  Magnetic  declination  at  Paris,  October  1864 520 

340.  Inclination  of  the  needle  at  Paris,  October  1864 520 

341.  Magnetic  needle,  showing  both  the  inclination  and  declination     .    .     .  521 

342.  Coulomb's  magnetic  balance 522 

343.  Processes  of  magnetization.    Method  of  single  touch 523 

344.  Magnetism  by  separate  double  touch.    Duhamel's  process 524 

345.  Magnetization  by  the  method  of  ^pinus 525 

346.  Compound  magnet,  formed  of  twelve  magnetic  bars 526 

347.  Iron  horse-shoe  magnet,  with  its  armature  and  keeper 527 

348.  Magnet  formed  of  two  compound  bar  magnets 527 

349.  Natural  magnet  furnished  with  its  armature 528 

350.  Attraction  of  light  bodies 533 

351.  Electrical  pendulum.    Phenomena  of  attraction  and  repulsion      .    .    .  535 

352.  Distribution  of  electricity  on  the  surface  of  conducting  bodies  ....  539 

353.  Distribution  of  electricity  on  the  surface  of  bodies 540 

354  Faraday's  experiment  to  prove  that  electricity  is  located  on  the  outer 

BurfiEice  of  electrified  bodies 541 

355.  Tension  of  electricity  at  the  difierent  points  of  a  sphere  and  of  an 

ellipsoid 542 

356.  Tension  of  electricity  on  a  flat  disc,  and  on  a  cylinder  terminated  by 

hemispheres 542 

357.  Power  of  points.    Electric  wind 544 

358.  Electric  fly 544 

359.  Electricity  developed  by  influence  or  induction 545 

360.  Distribution  of  electricity  on  an  insulated  conductor  electrified  by 

induction 546 

361.  Electrical  induction  through  a  series  of  conductors 548 

362.  Cause  of  attraction  of  light  bodies 549 

363.  Quadrant  electroscope 551 

364.  Gold-leaf  electroscope 551 

365.  Otto  von  Gucricke's  electric  machine 653 

366.  Plate  electric  machine 555 


xxxii  LI^T  OF  ILLVSTRA  TIONS. 


ri(f.  FAOB 

307.     Nairno's  machine,  furniHhing  the  two  electricities 558 

368.     AniiHtrong^H  hydro-electric  iiiacliine 560 

3(J9.     Electrophonis  with  resin  cake 561 

370.  Electrical  helU 562 

371.  Electrical  hail 663 

372.  Liiininou.H  tube 564 

373.  Luminous  globe 565 

374.  LiiminouH  Hcjuare 565 

375.  Kinnersley's  thennometer 566 

37«.     Electrical  mortar 566 

377.  CunciiB'  experiment  (the  Leyden  jar) 568 

378.  Charging  the  Leyden  jar 569 

379.  The  condenser  of  iEpinus 570 

380.  Charging  the  condenser  of  iEpinus 571 

381.  Leyden  jar  with  moveable  coatings 572 

382.  Instantaneous  discharge  of  a  Leyden  jar  ))y  means  of  the  discharger     .  573 

383.  Successive  discharges  of  a  Leyden  jar.     Chimes 574 

384.  Sparkling  Leyden  jar 574 

385.  Leichtenberg's  figures.     Distribution  of  the  two  kinds  of  electricity .     .  575 
3H6.  Leichten]>erg8  figures.     Distribution  of  the  positive  electricity     .     .     .  576 

387.  Ijcichtenberg's  figures.     Distribution  of  the  negative  electricity  .     .     .  577 

388.  Kattery  of  electrical  jars 578 

389.  Universjil  discharger 579 

390.  Exj)oriment  of  ])erforating  a  card 580 

391.  Experiment  of  |)erfomting  glass 581 

392.  Franklin's  portrait  experiment 582 

39.3.     Prt»ss  used  in  Franklin's  portrait  experiment 582 

394.  Volta's  pistol.     Interior  view 583 

395.  Explosion  of  Volta's  pistol 583 

396.  Fulminating  ^vmc 584 

397.  Contr.M'tion  of  the  muscles  of  a  frog.    Repetition  of  Galvani's  experiment  586 

398.  Volta's  condenser 588 

399.  Voltaic  or  column  pile 589 

400.  Electricity  developed  by  chemical  action 591 

401.  Cn>wn,  or  cup  pile 593 

402.  Wolhwton's  pile 594 

403.  Spinil  pile 595 

404.  Couple  of  Danicll's  batter}' 596 

405.  Couple  of  IJunsen's  battery 597 

4()6.     Pile  forme<l  by  five  Bunsen's  elements 598 

407.  Decom|K)sition  of  water  by  the  voltaic  pile 601 

408.  Action  of  an  electrical  current  on  the  magnetic  needle 605 

409.  Deviation  of  the  southern  |>ole  towanls  the  left,  under  the  influence  of 

the  upper  cum»nt 606 

410.  Deviation  to  the  left  of  the  current.     Lower  current 6(H> 

411.  Deviation  to  the  left  of  the  current.     Vert iciti  current 607 

412.  Schweiggers  multiplier 607 

413.  Concurrent  actions  of  the  ditferent  |K»rtion8  of  the  wire  in  the  multiplier  608 


LIST  OF  ILLUSTHATIOyS,  xxxiii 


VIO.  PAOB 

414.  System  of  two  astatic  needles 609 

415.  Galvanometer 609 

416.  Action  of  a  magnet  on  a  current 611 

417.  Law  of  the  attraction  and  repulsion  of  a  current  by  a  current  .     .     .     .  611 

418.  Direction  of  a  solenoid  in  the  meridian,  under  the  action  of  the  earth    .  613 

419.  Particular  currents  of  magnets 614 

420.  Resulting  currents  at  the  surface  of  a  magnet 614 

421.  Magnetization  of  a  steel  needle  by  a  solenoid :  dextrorsal  and  sinistrorsal 

spirals , 615 

422.  Magnetization  by  a  spiral :  production  of  consequent  points    ....  616 

423.  Horse-shoe  electro-magnet 617 

424.  Electro-magnet 617 

425.  Electro-magnet  with  its  charge 617 

426.  Magnetic  chain    .    , 618 

427.  Induction  by  a  current 621 

428.  Induction  by  the  approach  of  a  current 622 

429.  Induction  by  a  magnet 623 

430.  Induction  by  the  approach  or  removal  of  a  magnetic  pole 624 

431.  Clarke's  magneto-electrical  machine 625 

432.  Ruhmkorff 's  induction  coil 627 

433.  Commutator  of  Ruhmkorff's  machine.     Plan  and  elevation     ....  629 

434.  Sparks  obtained  by  the  discharge  of  static  electricity 632 

435.  Form  of  electric  discharges  (Van  Marum) 633 

436.  Electrical  brush,  according  to  Van  Marum 635 

437.  Positive  and  negative  brushes 636 

438.  Light  in  the  barometric  vacuum 636 

439.  The  electric  egg 637 

440.  Electric  light  in  rarefied  air.    Purple  bands .     . 637 

441.  Carbon  points  of  the  electric  light,  and  the  Voltaic  arc  between  them   .  639 

442.  Luminous  sheaf  in  rarefied  air.     Discharge  of  induction  currents .     .    .  641 

443.  Stratified  light  in  rarefied  gas 641 

444  The  mirage  in  the  AMcan  desert ^     •.   *  ^^ 

445.  Explanation  of  the  mirage 649 

446.  Paths  of  the  effective  rays  through  a  drop  of  rain  after  a  single  internal 

reflection •    .    •  661 

447.  Path  of  the  effective  rays  after  two  interior  reflections 651 

448.  Theory  of  the  rainbow  ;  formation  of  the  principal  and  secondary  arc  .  653 

449.  De  Saussure's  hair,  hygrometer 656 

450.  Forms  of  snow  crystals  (Scoresby) 657 

451.  Dissection  of  a  block  of  ice  by  the  solar  rays.     Crystalline  structure 

of  ice 660 

452.  Ice-flowers  (Tyndall) .  661 

453.  Rutherford's  maximum  and  minimum  thermometers 662 

454.  Maxiumm  and  minimum  thermometers  of  M.  Walferdm 663 


INTRODUCTORY  CHAPTER. 

FRENCH   AND   ENGLISH   SCIENTIFIC   UNITS. 

TN  the  varied  examinations  into  the  qualities  and  properties  of 
-*-  matter  with  which  Physical  Science  is  specially  concerned, 
certain  units  of  measurement  are  essential.  And  it  is  unfortunate 
that  in  different  countries  these  units  are  not  the  same.  The  Metric 
or  French  system,  however,  is  now  so  universally  acknowledged  to 
be  the  best  for  scientific  purposes,  that  the  Editor  by  the  advice  of 
eminent  scientific  friends  has  retained  it  in  this  work.  Its  retention 
renders  necessary  a  few  words  by  way  of  introduction. 

One  great  advantage  of  the  Metric  System  over  our  own  is  that  it 
is  a  decimal  system :  thus,  by  the  simplest  decimal  system  of  multi- 
plication and  division,  we  are  enabled  to  perform  with  speed  and 
ease  any  calculations  connected  with  it  which  may  be  necessary; 
another  is  that  the  same  prefixes  are  used  for  measures  of  length, 
surface,  capacity,  and  weight;  and,  finally,  these  various  measures  are 
related  to  each  other  in  the  simplest  manner. 

Unit  of  Length. — ^The  English  unit  of  length  is  the  yard,  the  length 
of  which  has  been  determined  by  means  of  a  pendulum,  vibrating 
seconds  in  the  latitude  of  London,  in  a  vacuum,  and  at  the  level  of 
the  sea.  The  length  of  such  a  pendulum  is  to  be  divided  into 
3,913,929  parts,  and  3,600,000  of  these  parts  are  to  constitute  a  yard. 
The  yard  is  divided  into  36  inches,  so  that  the  length  of  the  seconds 
pendulum  in  London  is  39*13929  inches. 

The  French  unit  of  length,  called  the  mitre  (from  fierpiij,  I  measure), 
has  been  taken  as  being  the  ten-millionth  part  of  the  quadrant  of  a 
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meridian  jiassing  through  I'aris ;  tliat  is  to  say,  the  ten-millionth  part 
or  the  distaucc  between  the  equator  and  the  pole,  measured  through 
Paris.  It  is  equal  to  39"3707898  inches.  The  metre  is  divided 
into  one  thousand  millin^Tes,  one  hundred  cfnlimHrts,  and 
ten  (UciinitrcB ;  while  &  d^camilre  is  ten  ni^ti-es,  a  hectometre  one 
hundred  metres,  a.  kilometre  one  tliousand  metres,  and  a  vtyriomitre 
ten  thousand  metres.  The  following  table  gives  the  value  of  these 
measurements  in  English  inches  and  yards : — 


tn  Engluh  iDchn. 

In  EBslW.  J«Tl»- 

Millimetre   .... 

.     .                     011393- 

0-0(PlH936 

Centimitre  .... 

.     .                     0-3tf37l 

0-01 09363 

Didmfctre   .... 

.     .                     3-93708 

0-1093633 

MfcTRE 

.     .                   39-3-079 

1-1103633 1 

DfeunJttre  .... 

.     .                 393  70790 

10-9363310 

.     .               3937-07900 

109-3633100 

Kilomkre    .... 

.     .            39370-79000 

1093'63ai000 

.    .          393707-90000 

10930-3310000 

One  English  yard  is  equal  to  0'91438  mHre;  while  one  mile  is  equal 
to  1-60931  kilometre. 

In  the  annexed  woodcut  a  di'cim^tre,  with  its  divisions  into 
centimetres  and  millimetres,  is  shown,  and  compared  with  four  inches 
divided  into  eighths  and  tenths. 


l/nit  of  Surface. — For  the  unit  of  surface,  the  square  inch,  foot, 
and  yanl  adopted  in  this  country  ai-e  replaced  in  the  metric  system 
by  the  square  millimitro,  centimetre,  decimetre,  and  metre. 


I  r«iuHre  mrtre  -  1-I96ii333    srtuare  yards. 

1  iH|uure  inch  —  6'45l3(Hi9    square  centime  Ires. 

I  Miuarc  foot  ••  9-£H!»WW3    wjiwrp  d^iiii*trc!-. 

I  *|iiBn.  yiinl  =  0-836097lri  sr|iiarr  niMre. 


inthoductory  chapter. 


SQUAHC  tnOH 


111  the  annexed  woodcut  a  square  incli  and  a  square  centimetre 
are   shown,  iu   order  to   give  an  idea 
of    measures    of    surface   which    will 
oflen  be  referred  to  in  the  fullowinn 
pages.  ^^^^^^^^^^ 

Unit  of  Capacity. — The  cubic  inch, 
foot,  and  yard  furnish  measures  of 
capacity  ;  but  irregular  measures,  such 
as  the  pint  and  gallon,  are  also  used  in  this  country.  The  gallon 
contains  ten  pounds  avoirdupois  weight  of  distilled  water  at  62°  F. ; 
the  pint  is  one-eighth  part  of  a  gallon.  The  French  unit  of  capacity 
is  the  cubic  d^cimilrc  or  litre  {\irpa,  the  name  of  a  Greek  standard 
of  quantity),  equal  to  17607  English  pints,  or  0-2200  English  gallon  ; 
end  we  have  cubic  inches,  d^cim^tres,  centimetres,  and  millimetres. 


1  litre  = 

1  cubic  foot  = 

I  cubic  inch  = 

1  gallon  = 


61027052  cubic  inchea. 
28-3lMn  litiw. 
16-386175  cubic  cenlimMica. 
4-643457  litres. 


Unit  of  Mass  or  Weight. — The  English  unit  of  weight — the 
pound — is  derived  from  the  standard  gallon,  which  contains  277274 
cubic  inches ;  the  weight  of  one-tenth  of  this  is  the  pound  avoirdu- 
pois, which  is  divided  into  7,000  graina  The  French  measures  of 
weight  are  derived  at  once  from  the  measures  of  capacity,  by  taking 
the  weight  of  cubic  millimetres,  centimetres,  d^imetres,  or  metres  of 
water  at  its  maximum  density,  that  is  at  4°  C.  A  cubic  metre  of 
water  is  a  tonne,  a  cubic  decimetre  a  kilogramme,  a  cubic  centimetre 
a  gramme,  and  a  cubic  millimetre  a  niilHgruiume. 


Iu  Enslith  gnhu. 


Hilligramtne  (^^gthpnrtof  agroniine) 
Centi)^inm«  (  t^o'')        t<  •<        ) 

Decijrnuunie  (    j'fth         „ 


IMcagnkmine   (      10  g 
HectagrsmiQe  (     UNI 
Kil<%niini]ie    (   10(10 
MjTioKramiiie  (lOOOO 


0-015432 

0-O000022 

0-154323 

0O00O22O 

1-513235 

0-00O22O5 

15-432349 

00022046 

iri4 -323486 

0-0220462 

1&13'23488U 

0-2204621 

15432-348800 

22046213 

154323-488000 

221>462i26 
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Besides  these  units,  there  are  others  on  which  a  few  words 
may  be  said,  as  the  units  before  referred  to  are  implicated.  The 
Unii  of  Time  or  Duratum  is  the  same. for  all  civilized  conn- 
tries.  The  twenty-fourth  part  of  a  mean  solar  day  is  called 
an  hour,  and  this  contains  sixty  minutes,  each  of  which  is  divided 
into  sixty  seconds.  The  second  is  universally  used  as  the  unit 
of  duration. 

Having  now  units  of  space  and  time,  we  are  in  a  position  to  fix 
upon  a  Unit  of  Velocity, — The  units  of  velocity  adopted  by  different 
scientific  writers  vary  somewliat ;  the  most  usual,  perhaps,  in  regard 
to  sound,  falling  bodies,  projectiles,  &c.,  is  the  velocity  of  feet  or 
mitres  per  second.  In  the  case  of  light  and  electricity,  miles  or 
kilometres  per  second  are  employed. 

We  have  next  the  Unit  of  Mechanical  Work. — In  this  country  the 
unit  of  mechanical  work  is  usually  the  foot-pound,  viz.  the  force 
necessary  to  raise  one  pound  weight  one  foot  above  the  earth  in 
opposition  to  the  force  of  gravity.  A  horse-poioer  is  equal  to  33,000  lb. 
raised  to  a  height  of  one  foot  in  one  minute  of  time.  In  France  the 
kilogrammUre  is  the  unit  of  work,  and  is  the  force  necessary  to 
raise  one  kilogramme  to  a  height  of  one  mitre  against  the  force  of 
gravity.  One  kilograrametre  =  7*233  foot-pounds.  The  chevaJ-vapeur 
is  nearly  er^ual  to  the  English  horse-power,  and  is  equivalent  to 
32,500  lb.  raiseil  to  a  height  of  one  foot  in  one  minute  of  time. 
The  force  competent  to  produce  a  velocity  of  one  metre  in  one 
sffcond,  in  a  njass  of  one  gramme,  is  sometimes  adopted  as  a  unit 
of  force. 

Unit  of  Heat. — These  units  vary :  the  French  unit  of  heat,  called 
H  calorie,  is  the  amount  of  heat  necessary  to  mipe  one  kilogramme 
(2  204^)215  lb.)  of  water  one  degree  Centigrade  in  temperature; 
strictly  from  O^'C.  to  VC  In  this  country  we  sometimes  take  one 
])3und  of  water  and  V  Fahrenheit  as  the  units  ;  sometimes  one  pound 
of  water  and  l"  C. 

Thrrmomrfrir    fhffrre^. — The    value    of    diflferent     tliernionietrio 
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degrees   is  discussed    in    the  work    itself  {yid^   Ueat,   IVx)k   IV., 
chapter  i.).     The  following  facts  may.be  found  useful: — 


V 

Fahrenheit 

a 

0-55'C.     =     0-44'R. 

V 

Centigrade 

= 

0-84  >=R.    =     ISl^'F. 

V 

Reaumur 

= 

125=C.     -     2-25' F. 

iVutij^de  1 

degrees 

-J-     5 

X 

9     -f     32     =»     Fahrenheit  degr 

Retiamur 

■» 

-*-     4 

X 

9     +     32     = 

Fahreoheit 

»♦ 

-   32 

• 
• 

9X5     =     Centigrade      .. 

»» 

» 

-   32 

• 
• 

9X4-=     Reaumur 

Ontigmde 

n 

-J-     ft 

X 

4                    =           ^                ., 

Reaumur 

*i 

-r-      4 

X 

Ty                    =     Centiinrude 
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CHAriER  I. 

PHENOMENA  OF  GRAVITY  OX  THE  SUKFACE  OF  THE  EARTH. 

Manifestation  of  weight  by  motion  :  fall  of  bodies,  flowing  of  liquids,  ascent  of 
gas — Pressure  of  bodies  in  equilibrium  ;  staibility  of  the  various  solid,  liquid, 
and  gaseous  stratji  which  constitute  the  terrestrial  glol)e — Cnimbling  away  of 
mountains ;  fall  of  avalanches  and  of  blocks  of  ice  in  the  polar  regions — Air 
and  sea  currents. 

A  STONE  left  to  itself  in  the  air  falls,  and  its  movement  is 
•*^  arrested  only  on  touching  the  ground  ;  a  round  body,  or 
a  solid  ball,  rolls  along  a  plane  inclined  to  the  horizon  ;  a  liquid 
mass,  such  as  a  brook  or  large  river,  flows  on  the  sloping  sur- 
face which  forms  its  bed;  smoke  and  steam  rise  into  the  air.  All 
these  phenomena,  and  many  others  that  we  shall  review,  are  the 
varied  manifestations  of  one  ever-active  force,  universally  distributed 
throughout  all  nature,  which  is  called  Weight. 

All  l)odies,  without  exception,  which  are  found  on  the  surface 
of  our  planet — in  the  depths  of  its  crust,  or  in  the  gaseous  strata 
of  which  its  atmosphere  is  formed — have  weight.  This  is  a  fact  so 
obvious  that  in  the  case  of  solid  and  liquid  bodies  it  hardly  requires 
to  be  stated.  We  shall  soon  have  occasion  to  show  that  it  holds 
good  also  with  regard  to  gases  and  vapours. 
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Nor  is  it  only  moving  phenomena  which  familiarize  us  with 
the  action  of  weight:  it  exercises  itself  also  incessantly  on  bodies 
which  appear  to  ns  to  be  at  rest,  and  which  in  reality  are  only  in 

equilibrium.  The  stone  which  has  touched  the 
ground,  the  fall  of  which  our  eyes  have  followed, 
continues  thenceforth  to  weigh  on  the  surface 
which  upholds  it,  and  this  pressure,  which  is 
rendered  evident  by  the  constant  tension  of  a 
spring  (Fig.  1),  is  rendered  sensitive  to  our 
organs  by  the  effort  which  the  hand  is  obliged 
to  use  to  support  the  stone. 

A  book  placed  on  the  table  remains  at  rest, 
but  presses  on  its  support,  which  itself  rests  on 
the  ground.  A  mass  of  metal  suspended  at 
the  lower  end  of  a  thread  or  flexible  cord 
stretches  the  thread  or  cord ;  this  tension,  which 
continues  as  long  as  the  suspending  thread  is 
not  cut,  proves  the  continuous  action  of  the 
force  on  the  suspended  body. 

We  must  therefore  clearly  understand  that 
rest  is  not  synonymous  with  inaction,  and  we 
may  be  assured  that,  on  the  earth,  no  material 
particle,  whether  solid,  liquid,  or  gaseous,   is 
ever  for  one  moment  free  from  the  action  of  this  force. 

Let  us  now  endeavour  to  give  a  general  picture  of  the  terrestrial 
phenomena — phenomena  of  equilibrium  and  of  motion — which  are 
produced  by  this  force. 

Astronomy  teaches  us  that  the  earth  is  of  the  form  of  a  nearly 
spherical  ball,  and  has  two  movements — movements  in  which  all 
the  parts  of  its  mass  participate  at  the  same  time :  one  of  uniform 
rotation  round  one  of  its  diameters,  the  other  of  translation,  which 
draws  it  with  varying  velocity  along  an  elliptic  orbit,  the  sun 
being  in  a  focus  of  that  orbit.  But  neither  the  one  nor  the 
other  of  these  movements  directly  affects  the  equilibrium  of  its 
various  parts.  The  solid  masses  which  form  its  crust ;  the  nucleus, 
probably  in  a  state  of  incandescent  fusion,  which  forms  the  interior; 
the  liquid  part  of  its  surface,  the  oceans;  and  lastly,  the  gaseous 
envelope  which  surrounds  every  portion  of  the  spheroid,  are  in  a 


Fio.  1.— Action  of  weight 
shown  by  the  tension  of 
a  spring. 
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state  of  relative  stability,  resulting  from  mutual  pressure,  due  to 
the  force  which  is  now  in  question. 

It  appears  certain  that  the  entire  earth  was  once  fluid,  and  that 
the  different  strata  of  which  its  interior  is  formed  have  ranged 
themselves  in  the  order  of  their  densities — that  is  to  say,  the 
heaviest  at  the  centre,  the  lightest  at  the  surface,  according  to  the 
same  conditions  which  experience  has  proved  to  be  necessary  to 
the  stability  of  liquids  and  to  their  equilibrium  under  the  action  of 
weight.  And — to  speak  only  of  the  parts  accessible  to  observation 
— it  is  seen  that  such  is  precisely  the  order  of  their  succession. 
Below  we  have  the  solid  crust — the  solid  surface  of  the  earth: 
afterwards  comes,  spread  over  three  quarters  of  this  surface,  the 
liquid  part  or  sea :  then  above  both,  the  gaseous  strata  which  form 
the  atmosphere.  Of  these  diffei-ent  constituents,  the  air  presses  on 
tlie  water,  and  both  press  on  the  solid  ground. 

Let  us  examine  the  surface  of  the  continents  and  islands.  We 
find  everywhere  that  the  relief  of  the  ground  is  such  that  all  its 
parts  mutually  support  ee^h  other.  In  the  mountains,  as  in  the 
plains,  weight  acting  on  each  particle  has  arranged  the  masses  in 
such  a  way  that  equilibrium  is  never  or  very  rarely  destroyed. 
Supix)se  the  action  of  weight  suppressed ;  the  other  physical  forces, 
no  longer  finding  resistance,  would  overturn  the  fields,  rocks,  and 
mountains,  and  would  everywhere  substitute  disorder  and  confusion 
in  place  of  the  order  which  results  from  their  present  stability. 
It  is  again  the  pressure  due  to  weight  which  man  utilizes  when 
he  builds  his  most  durable  constructions  in  imitation  of  nature. 
The  mass  of  the  materials,  their  vertical  disi>08ition,  or,  better  still, 
their  slope,  as  in  the  case  of  the  Pyramids  of  Egypt,  have  enabled 
some  of  the  monuments  constructed  by  man  to  defy  the  action  of 
the  elements  and  of  centuries.  We  shall  have  occasion  to  notice 
in  the  second  part  of  this  work  other  applications  of  the  action  of 
weight  to  the  arts  and  various  industries.  Let  us  here  only  remark, 
as  an  instance  of  this,  that  we  look  to  it  to  produce  adherence  of 
the  smooth  wheels  of  locomotives  to  the  rails :  it  is  the  enormous 
weight  of  the  engines  which  prevents  their  driving-wheels  from 
continually  revolving  without  making  any  progress;  and  it  is  not 
a  little  curious  that,  in  the  infancy  of  the  locomotive,  the  result  of 
the  pressure   on  the  rail  due   to  the  weight  of  the  engine  was  so 
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littlf;  undrrntoTKl,  that  it  was  thought  that  cogged  wheels  instead  of 
mntfoih  aiU'M  would  Ij^;  riece.si?arv. 

It  iH  their  wf;i;^ht  also  which  keeps  the  waters  of  rivers  in  their 
natural  Wis,  and  lakes  and  seas  in  their  basins,  where  these  masses 
would  remain  at  rer^t  if  exterior  forces  did  not  perpetually  arise 
U}  a;(itate  them.  It  happens  sometimes  that,  under  the  influence 
of  causes  of  irrr-^^ular  and  terrestrial  origin, — such  as  earthquakes 
and  winfls,  to  which  may  be  added  the  periodical  oscillations  of  the 
tides, — the  s^^a  is  upheaved  to  great  heights,  and  breaks  beyond 
its  UHual  limits.  l>ut  it  is  soon  drawn  back  to  its  more  conunon 
state  of  er|uilibrium,  either  by  its  own  weight  or  by  friction — 
another  cause  of  stability,  the  origin  of  which  is  also  weight 
I^placf;,  as  the  re.«iult  of  an  inquiry  into  what  were  the  conditions 
ne^^essary  tr>  the  absolute  stability  of  the  equilibrium  of  seas,  proved 
that  it  is  gufficient  that  the  density  of  the  ocean  be  less  than  that 
of  the  earth — a  condition  which  is  precisely  realized  in  nature. 
Thus,  if  they  were  lighter,  the  waters  of  the  sea  would  be  in  a 
perpetual  state  of  mobility  ;  if  they  were  heavier,  the  variations 
from  a  state  of  equilibrium  owing  to  accidental  causes  would  be 
c^)nsid<'rable,  and  would  occasion  frightful  catastrophes  both  on 
cr^ntinents  and  islands. 

But  the  persistence  of  the  action  of  weight  is  not  obser\-able 
only  in  the  land  and  water  masses:  the  air  is  also  subject  to  it. 
Without  this  |»n;ftsure,  which  keeps  them  to  the  earth's  surface, 
the  ehisticity,  or  the  force  of  expansion,  which  is,  as  we  shall  soon 
see,  a  distinctive  ])ro[>erty  of  gases,  joined  to  the  centrifugal  force 
<lue  to  the  rotation  of  the  earth,  would  soon  dissipate  the  atmo- 
sphere into  space. 

Su(;h  are,  as  a  whr)le,  the  phenomena  due  to  the  continuous  and 
latent  action,  so  t^)  s])eak,  of  weight  on  our  globe.  It  is  this  action 
which  ev(;ryvvhere  maintains  equilibrium,  and  which  re-establishes 
it  when  it  is  disturbed  by  the  action  of  physical  forces. 

The  phenomena  rif  motion,  due  to  the  same  force,  form  an 
erpially  interesting  and  magnificent  picture.  The  infiltration  of  the 
wutrrs  through  the  earth's  surface  to  different  depths  is  due  to  this 
irresistible  t^'udrncv  of  all  Ixxlies  towards  the  centre  of  the  earth. 
It  is  this  tendency  which  by  degrees  undermines  the  land  and  rocks, 
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and,  disturbing  their  eqniUbrium,  gives  rise  to  the  falling  away  of 
the  sides  of  mountains  and  hills,  and  in  time  fills  up  the  valleys. 
These  movements  have  not  the  action  of  weight  only  for  their  origin, 
and  we  shall  see  further  on  how  this  action  combines  itself  with 
those  of  other  physical  or  chemical  forces,  and  particularly  with  that 
of  heat,  to  cause  most  of  the  motion  of  which  the  surface  of  our 
globe  and  its  atmosphere  are  the  constant  scene. 

Often  the  work  of  disorganization  remains  unperceived  until  the 
instant  when  the  catastrophe  occurs.  Masses  of  high  rocks  being 
imdermined,  all  at  once  •lose  their  equilibrium,  and  slide  or  are 
dashed  down,  destrojdng  everything  in  their  path.  Entire  mountains 
have  thus  covered  towns  and  villages  with  their  cUhris,  and  history 
has  recorded  numerous  examples  of  these  terrible  events.  In  the 
thirteenth  century,  Mount  Grenier,  the  summit  of  which  still  towers 
above  the  mountains  which  border  the  Valley  of  Chambery  on  the 
south,  partly  crumbled  away,  and  buried  the  little  town  of  Saint- 
Andr^  and  many  villages:  the  '' ahimes  de  Myans'*  are  still  shown, 
where  lie  the  dihris  and  the  victims.  In  180G  a  no  less  terrible 
landslip  took  place,  and  precipitated  from  the  sides  of  Mount 
Euffi,  into  the  Valley  of  Goldau,  an  enormous  mass  of  rock,  which 
completely  buried  many  villages,  and  partly  filled  up  a  little  neigh- 
bouring lake. 

It  would  be  superfluous  to  calculate  what  is  the  destructive 
energy  of  similar  masses  precipitated  by  the  action  of  weight  from 
a  height  often  prodigious,  and  the  velocity  of  which  increases  with 
the  height  of  the  fall.  Avalanches  are  phenomena  of  the  same 
order,  and  are  more  frequent  than  the  fall  of  mountain-sides  and 
rocks.  Masses  of  snow,  collected  on  the  inclined  side  of  a  mountain, 
or  on  the  edge  of  a  precipice,  slide  by  their  own  weight,  then  detach 
themselves,  and  fall,  crushing  everything  in  their  path.  Often  a  slight 
shock — a  pistol-shot,  or  a  shout  even — is  sufficient  to  destroy  the 
equilibrium,  and  occasion  the  phenomenon.  In  the  icebergs,  or 
mountains  of  ice  in  the  polar  regions,  the  pressure  of  the  blocks 
one  upon  the  other  gives  rise  to  similar  effects,  in  which  the  irre- 
sistible action  of  weight  again  shows  its  power.  Glaciers,  too — those 
rivers  of  hardened  snow  pressed  into  compact  ice — descend  the  slopes 
of  the  mountains  under  the  pressure  of  the  weight  of  the  uppei 
strata.    This  movement  of  slow  progression  is  so  irresistible,  that 
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the  lateral  and  underlyiDg  rocks  are  striated  and  polished  by  the 
crystalline  mass,  and  by  the  debris  of  boulders  and  pebbles  which 
it  draws  along. 

In  volcanic  eruptions,  the  explosive  force  of  the  interior  gases 
often  sends  forth  into  the  air  cinders,  fragments  of  stone,  and  rocks. 
But  if  these  masses  thus  seem  to  escape  for  a  moment  from  the 
action  of  gravity,  the  strife  of  the  two  forces  is  not  of  long  duration, 
and  the  projectiles  obey  the  invincible  law  of  all  terrestrial  bodies. 
It  is  this  same  law  which  determines  the  faU  of  hail,  rain,  snow — 
that  is  to  say,  the  particles  of  aqueous  •  vapour  which  have  been 
condensed,  and  thus  rendered  heavier  than  the  stratum  of  the  air 
to  which  they  rose,  under  the  combined  influence  of  heat  and  even 
— paradoxical  as  it  may  seem — of  weight  itself. 

Tims  much,  then,  concerning  the  fall,  properly  so  called,  of 
bodies  of  which  the  equilibrium,  from  some  cause  or  other,  has 
been  disturbed.  But  there  is,  on  the  surface  of  our  planet,  quite 
another  series  of  movements,  in  which  weiglit  plays  the  most  im- 
portant part,  and  the  continuity  of  which  produces  an  admirable 
circulation  on  our  planet,  without  which  life  itself  would  soon  be 
extinct. 

Tlie  incessant  evaporation  of  liquid  masses  gives  rise  to  the 
formation  of  clouds,  and  it  is  the  difference  between  the  weight 
of  the  air,  and  of  the  particles  of  vapour  of  which  clouds  are 
formed,  which  causes  their  ascending  movement.  Itain,  due  to  the 
fall  of  these  same  particles  w  hen  liquefied,  falls  through  the  action  of 
terrestrial  gravity,  to  the  lowest  levels — forms  brooks  and  rivers,  and 
these  fluvial  masses  following  the  natural  slope  of  the  ground,  reach 
the  sea,  sometimes  flowing  with  majestic  slowness,  at  other  times 
rushing  noisily  over  a  rugged  bed.  Sometimes,  stopped  by  natural 
obstacles,  the  waters  spread  themselves  in  the  form  of  lakes:  or 
else,  arriving  at  the  edge  of  a  wall  of  rocks,  flow  over  in  cascades. 
Such  are  the  falls  of  the  Bhine  at  Schafiliausen,  of  Niagara,  and 
the  Zambesi  cataracts  in  Central  Africa 

Currents  are  not  peculiar  to  the  solid  portion  of  the  surface  of 
the  earth.  The  ocean  is  furrowed  with  real  rivers,  the  regular 
movements  of  wliich  are  determined  by  the  action  of  weight, 
although  their  origin  is  due  to  another  physical  agent — heat.  It  is 
also  weight  which  regulates  all  the  movements  of  the  atmospheric 
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gaseous  mass,  which  unites  its  restless  power  to  the  action  of  the 
other  natural  forces. 

In  conclusion,  there  is  no  action  on  our  planet  in  which  weight 
does  not  intervene  sometimes  to  establish  equilibrium,  at  others  to 
give  rise  to  motion.  Even  when  it  appears  to  be  destroyed  or 
counterbalanced,  it  is  still  at  work,  and  is  ever  present  wherever  a 
particle  is  found,  apparently  invariable,  and,  according  to  the  ideas 
experiment  has  given  us  of  matter,  as  indestructible  and  eternal  as 
matter  itsel£ 
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CHAPTER  II. 

WEIGHT  AND  UNIVERSAL  GRAVITATION. 

Common  tendencj  of  hesyy  bodies  to  fidl  towards  the  centre  of  the  earth — ^\N*'eigfat 
is  %  particalar  ca«te  of  the  force  of  oniTenal  graritation — All  the  particles 
of  the  globe  act  on  a  falling  stone  as  if  they  were  all  situated  in  the 
centre  of  the  earth — The  force  of  gravity  acts  beyond  the  atmosphere  even 
in  the  celestial  spaces  :  the  son,  planets,  stars — all  bodies — gravitate  t<ywards 
each  other. 

A  LL  the  varied  and  numerous  phenomena  to  which  we  referred  in 
^^  the  previous  chapter  have  the  same  origin — a  fact  which  will 
become  more  evident  as  experimental  proofs  are  given.  All  are  due 
to  the  action  of  a  similar  cause,  or  forct,  since  this  term  is  now 
given  to  every  cause  capable  of  producing  or  of  modifying  motion 
in  a  body  as  of  bringing  it  back  to  a  state  of  rest 

What  the  essence  or  primordial  cause  of  this  force  is,  is  a  problem 
which  science  does  not  seek  to  solve:  it  confines  itself  to  studying 
the  effects  of  the  force  by  means  of  observation,  and  thence  to 
discover  the  law  which  regulates  them;  and  in  this  we  shall  soon 
see  it  has  completely  succeeded.  The  direction  of  the  action  of 
weight,  that  is  to  say,  the  line  in  which  the  heavy  body  tends  to 
move  or  is  moved  when  it  meets  with  no  resistance;  the  point  at 
which  the  force  is  aj)plied;  and,  lastly,  its  intensity  or  the  energy 
with  which  it  attracts  or  pulls  each  material  particle,  are  facts 
exactly  determined.  We  shall  recur  in  detail  to  them  in  the 
following  chapters. 

We  know  by  experiment  that  a  force  resides  somewhere,  that  it 
has  its  centre  of  action  in  a  given  place.  We  may  say  more:  we 
cannot  conceive  it  acting  without  a  material  body  to  act  upon. 
Where,  then,  is  the  centre  of  action  of  terrestrial  gravity?  It  is 
not  in  the  heavy  Innly  itself.     Indeed,  according  to  a  princiiJe  of 
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paiamouDt  impoitaDce  in  the  science  of  motion,  or  dynamics — the 
principle  of  inertia— a  body  cannot  put  itself  in  motion  wlien  it  is 
at  rest,  nor  of  itself  modify  its  movement  when  in  motion. 

It  is,  then,  outside  a  falling  body  that  we  must  look  foi  the  cause 
of  its  falL  -We  are  so  accustomed,  from  our  infancy,  to  see  all 
bodies  which  surround  as  foiling  under  the  action  of  weight,  or  in 
other  words  to  see  the  force  of  gravity  at  work,  that  the  question 
seems  to  be  an  idle  one.  But,  as  D'Alembert  has  said,  "  It  is  not 
without  reason  that  philosophers  are  astonished  to  see  a  stone  fall, 
and  those  who  laugh  at  their  astonishment  would  soon  share  it 
themselves,  if  they  would  reflect  on  the  question." 

It  is  from  above  downwards,  in  the  vertical  of  any  place — that 
is  to  say,  in  a  line  upright  or  perpendicular  with  regard  to  the  surface 
— that  all  bodies  fall,  and  it  is  in  the  same  direction  that  they  press 
on  their  supports.  Weight,  then,  we  see,  acts  aa  it  were  from  the 
interior  of  the  eari;h;  and  since  for  points  at  shori^  distanc-es  apart, 
the  verticals,  or  upright  lines,  at  these  points  seem  parallel,  it  may 
fa^  supposed  that,  instead  of  a  single  force,  there  exists  an  infinity 
of  forces,  all  acting  in  the  same  manner  and  in  the  same  direction. 
But  it  ia  easily  seen  that  this  last  conclusion  is  not  exact 

Weight,  or  gravity,  everywhere  acts  in  the  same  manner.  In 
all  places,  in  all  latitudes,  at 
the  equator,  at  the  poles,  in  the 
temperate  regions  of  the  world, 
its  influence  is  felt  always 
in  a  direction  perpendicular  to 
the  horizon.  To  know  at  what 
point  of  our  globe  this  multiple 
action  is  concentrated,  we  must 
find  out  if  all  the  verticals  have 
a  single  common  meeting-place. 
Let  OS  take  any  one  of  tho 
meridians  of  our  planet  Each 
part  of  the  circle  which  forms 
the  meridian  indicates  an  horizon, 
and  the  line  perpendicular  to  this, 

or  the  vertical  of  the  place,  is  no  other  than  one  of  the  radii  of 
the  circumference ;  that  is  to  say,  a  line  running  to  the  centre  of  the 
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sphere.  Thus  all  verticals,  such  as  a  z,  Fig.  2,  though  apparently 
parallel  when  adjacent  ones  only  are  considered,  are  in  reality  con- 
vergent ;  they  are  directed  towards  the  centre,  c,  of  the  earth.  This 
is  only  a  first  approximation :  the  earth  not  being  exactly  spherical, 
but  flattened  at  the  poles  and  swelled  out  all  round  its  equatorial 
circumference,  the  verticals  of  the  different  latitudes  do  not  pre- 
cisely tend  to  the  same  point.  We  shall  observe  also  that  besides 
this  cause  of  deviation  there  exist  local  irr^ularities  which  render 
the  determination  of  the  real  centre  of  the  action  of  gravity  very 
complex.  But  from  our  present  point  of  view  these  different 
deviations  have  no  importance.  Let  us  now  register  this  first 
fundamental  result: 

All  bodies  have  a  tendency  to  fall  towards  the  centre  of  the  eartli. 
Gravity  acts  on  them,  as  a  single  force  concentrated  in  this  point 

This  law  has  no  exception.  It  applies  to  bodies  placed  on  the 
surface  or  at  any  height  whatever  in  the  atmosphere ;  on  the  earth's 
crust,  or  in  the  deepest  mines,  observation  always  confirms  its  truth. 

This  convergence  of  all  falling  bodies  which  tend  towards  on^ 
point,  is  in  contradiction  with  a  popular  prejudice  still  prevalent. 
Many  persons  when  they  are  told  that  the  earth  is  round,  and  that 
it  is  inhabited  on  every  part  of  its  surface,  cannot  conceive  how  at 
their  antipodes  the  inhabitants  of  the  planet  can  walk,  as  it  were, 
feet  uppermost,  and  how  material  bodies,  solid  or  liquid,  can  remain 
in  equilibrium.  By  reflecting  a  little  they  would  soon  see  that  the 
idea  of  above  and  below  is  quite  relative ;  that  on  a  sphere  in  space 
each  part  of  the  surface  is  equally  horizontal,  and  the  tendency  of  all 
bodies  towards  the  centre  of  the  sphere  well  explains  the  state  of  equi- 
librium which  exists  on  whatever  part  of  the  surface  they  are  placed. 

But  whence  comes  this  central  force  ?  Is  it  a  secret  property 
independent  of  matter?  Does  the  earth  alone  enjoy  this  mysterious 
j)Ower  ? 

Theses  important  questions  remained  unanswered  two  centuries 
ago,  since  which  time  Galileo's  experiments  on  falling  bodies, 
and  the  profound  speculations  of  Huyghens  on  the  principles  of 
mechanics,  enabled  the  genius  of  Newton  to  reach  the  general 
cause  which  produces  all  the  phenomena  of  gravity  on  the  surface 
of  the  earth  as  well  as  throughout  the  entire  universe.  Weight  is, 
in  fact,  a  i)articular  vns^Q  of  a  force  at  work  in  all  parts  of  the 
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universe — the  force  of  universal  gravitation.  In  virtue  of  this  force, 
any  two  particles  of  matter  gravitate  or  fall  towards  each  other,  that 
is  to  say,  they  have  a  mutual  tendency  to  re-unite,  which  depends 
on  their  respective  masses  and  on  their  distance  apart  Here  is  the 
law  of  this  dependence : — 

If  we  take  for  unity  the  force  which  draws  two  equal  masses, 
situated  at  a  unit  of  distance  apart,  towards  each  other,  if  one  of 
the  masses  be  doubled,  the  force  itself  will  be  doubled  :  if  the  other 
mass  be  replaced  by  one  three  times  greater,  the  force  will  be 
now  tripled,  and,  in  consequence,  will  be  six  times  greater  than 
at  the  beginning. 

If  now,  the  masses  remaining  the  same,  we  make  the  distance 
twice,  three  times,  four  times  lesSy  the  force  of  gravitation  will  be 
four,  nine,  sixteen  times  greater. 

Thus,  attraction,  or  gravitation — we  shall  use  this  latter  term  in 
preference  (discarding  altogether  in  future  the  term  weight,  which 
by  tliis  time  should  have  8er\'ed  its  purpose),  because  it  supposes 
nothing  as  to  the  unknown  essence  of  the  force  itself — is  propor- 
tional to  the  prodiLct  of  the  masses,  and  varies  inversely  as  the  square^ 
of  their  distanees. 

Such  is  the  fundamental  principle  of  which  the  phenomena  of 
weight  are  so  many  particular  manifestations.  It  was  not  an  easy 
tiling  to  deduce  from  it  all  the  consequences,  to  calculate  the  re- 
ciprocal actions  of  all  the  small  masses  composing  the  entire  bulk 
of  the  earth,  and  the  effect  resulting  from  all  these  combined  actions. 
Newton,  and  after  him  the  great  geometers  who  have  developed  his 
discovery,  D'Alembert,  Euler,  Maclaurin,  Lagrange  and  Laplace,  have 
devoted  themselves  to  this  task.  They  have  shown  that  a  spherical 
mass  of  homogeneous  matter  acts  on  an  exterior  point  in  the  same 
way  as  if  all  the  matter  were  concentrated  at  its  centre.  The  same 
thing  is  true  of  a  homogeneous  spherical  layer,  and  consequently  of 
a  series  of  strata  of  this  same  form,  the  density  of  which  continues 
to  increase  according  to  a  definite  law. 

Such  is  precisely  the  case  with  tlie  earth :  and  Newton  thus 
explains  how  the  direction  of  gi^avity  is  everywhere  vertical  to  the 

^  The  sqaare  of  a  number  is  the  product  of  the  multiplicatiou  of  the  number  by 
itaelf :  thuB  9.  ib  the  aquare  of  3  ;  100,  the  square  of  10 ;  1,000,000  the  square 
of  1,000,  and  so  on. 
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surface,  or  the  straight  line  between  the  heavy  body  and  the  centre 
of  the  globe. 

A  body  situated  in  the  interior  of  the  earth  is  attracted  by  the 
mass  which  lies  beneath  it,  but  the  action  of  the  particles  of  the 
exterior  layer  destroy  each  other,  so  that  the  intensity  of  gravita- 
tion goes  on  diminishing  from  the  surface  to  the  centre.^  In  like 
manner,  this  intensity  diminishes  in  the  case  of  bodies  exterior  to 
the  earth,  in  proportion  as  their  distance  from  the  earth  increasea 

Thus,  then,  the  source  of  gravity  at  the  surface  of  our  globe  lies 
in  the  entire  mass  of  which  it  is  composed.  There  is  not  a  single 
particle,  however  small  it  may  be,  which  does  not  take  part  in  the 
general  action.  Nay,  more:  when  a  stone  falls,  at  the  same  time 
that  it  feels  the  influence  of  the  mass  of  the  globe  it  reacts  on  this 
globe  by  its  own  bulk :  the  two  bodies  come  together  by  gravitating 
one  towards  the  other.  The  motion  of  the  stone,  however,  is  alone 
perceptible,  as  its  mass  is  almost  nothing  compared  to  that  of  the 
earth.     But  more  of  this  presently. 

It  has  been  stated  that  gravitation  is  universal.  Not  only,  indeed, 
does  it  govern  all  the  phenomena  of  terrestrial  gravity,  but  it  extends 
its  power  to  the  most  remote  parts  of  the  heavens.  The  moon 
and  the  earth  gravitate  reciprocally  towards  each  other,  and  they 
both  gravitate  towards  the  sun.  All  the  planets  of  our  solar  system 
continually  act  on  one  another,  and  on  the  immense  sphere  which 
shines  at  their  common  focus.  By  its  enormous  mass,  the  sun 
keeps  all  of  them  in  their  orbits,  so  that  the  movements  of  all  the 
celestial  bodies  which  compose  the  system  are  mutually  balanced 
and  varied  under  the  influence  of  the  same  force  perpetually  acting 
in  each  of  them. 

We  have  endeavoured  to  give  elsewhere^  an  idea  of  these  grand 
problems,  the  solution  of  which  is  the  triumph  of  science.     Let  us 

»  In  fact,  the  intensity  of  gravity  first  increases  from  the  surface  to  a  distance 
from  the  centre  which  is  estimated  at  nearly  seven-tenths  of  the  radius  ;  it  after- 
wards lessens  to  the  centre.  These  variations  are  due  to  this  fjvct,  that  the  con- 
centric layers  of  which  our  globe  is  formed  are  not  homogeneous ;  their  density 
increases  from  the  surface  to  the  centre,  and  the  density  of  the  superficial  strjita  is 
less  than  two-thirds  of  the  mean  density.  These  results  have  been  deduced  from 
pendulum  observations. 

2  "  The  Heavens  :  an  illustmted  Handbook  of  Popular  Astronomy."  By 
A.  Ouillemin.     Translated  by  Mrs.  Lockyor. 
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recall  only  two  proofs  of  the  existence  of  the  force  of  universal 
gravitation  in  the  celestial  spaces.  The  tides — those  periodical 
oscillations  of  the  sea — are  produced  by  the  action  of  the  masses 
of  the  moon  and  sun:  and  aerolites,  celestial  bodies  in  miniature, 
which  sometimes  fall  on  our  planet,  show  that  the  action  of  ten^estrial 
gravity  is  capable  of  diverting  exterior  masses  from  their  orbits. 

The  most  recent  researches  in  stellar  astronomy  prove,  moreover, 
that  the  same  force  regulates  the  movements  of  the  most  distant 
stars.  The  double  stars  are  systems  of  suns,  situated  at  immense 
distances  from  our  globe,  and  revolving  round  each  other:  here, 
again,  it  is  certain  that  their  motions  are  effected  according  to  the 
same  laws  which  regulate  those  of  the  planets — ^laws  which  are 
a  direct  consequence  of  gravitation,  that  is,  of  their  weight. 
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UWM  or  ATT»ACn05,— FALLI50  BOIHfiL 

Hm  mipfthmmiiM  f4  (hdiUfo  <m  lyimg  bodies -E#)iial  reloeilj  of  bodin  fidln« 
i»  «6U'/«/>  'V«rtf«iil  dlff>«ilon  of  gmriij— Derktkm  from  the  rcrticml  doe 
to  tiM  rrHAilon  /yf  tiM  MUth-4Uil«/f  ioclitied  plane ;  AttwocMft  inachiiie ; 
MfMn^n  timthirm :  hwn  (A  Ikllin^  hodkii — IniliieDee  of  the  rfwrtance  of  the 
ilr  ori  th#t  Y«rloriiy  r#f  bridiai  ikiling  throagh  the  atmoepbere ;  experiiDcntii  of 

TT  \n  rer'/mUMi  of  OaliW  that  in  bis  youth,  when  he  was  Professor 
-^  iii  Maihmnatics  at  the  University  of  Pisa,  making  his  first 
^%\mt\tu^t\iM  on  the  fall  of  heavy  bodies,  he  wished  to  see  if  it  were 
triiD,  as  had  \nH*u  said  and  l^elieved  from  the  time  of  Aristotle,  that 
the  tiniKiual  vohx^iiy  noticed  in  different  bodies  falling  from  a  given 
hi!if(ht  was  dill)  to  their  unequal  weight,  or  if  it  depended  on  the 
imtiire  of  ttu^ir  material. 

It  was  from  ilii!  t^ip  of  the  famous  Leaning  Tower  of  Pisa  that 
ho  made  thosn  ex]K)rimonts :  balls  of  different  metals — gold,  copper, 
Inail— liavinK  the  satno  dimensions,  but  diflerent  weights,  reached 
thn  ground  at  norirly  the  same  instant :  a  ball  of  wax,  however, 
was  mnoh  moro  retarded. 

\\\\\,  (lin  difTnroncns  in  the  times  of  falling  were  not  decided 
i^tuMiKli  (o  bn  aftribut<Ml  to  the  inequality  of  weight,  so  that  it 
did  not  ap))nar  probabh^  that,  as  Iu>ld  by  many,  a  thing  twice  as 
himvy  SM  aiioilipr  wotild  fall  twice  as  fast.. 

Ilavltig  hit  ihn  saniu  thing  fall  through  the  air  and  through  water, 
lin  pfiiy«»d  that  tlio  difTennices  iH^tweon  the  times  of  their  respective 
IHIIn  dnpondiMl  tipon  ilio  diMislty  of  the  medium  through  which  they 
M\,  and  n(»i  on  tlin  wnight^  of  the  falling  bcxlics  themselves. 
(laliliHi  Immkm*  roitrludiMl  tlmt  it  is  ti>  tho  resistance  of  the  air  we 
muM  rtttHi»uto  thn  ililfohMtrpn  in  thf  timo  of  fall  oKscrvod. 


OHAP.  III.] 


LAWS  OF  ATTRACTION. 


19 


When  a  body  falls  through  air,  or  any  other  medium,  it  must 
constantly  displace  the  molecules  of  which  the  medium  is  composed, 
and  this  is  only  possible  by  communicating  to  them  a  part  of  its 
own  movement.  Suppose,  then,  we  let  fall  at  the  same  instant  a 
ball  of  lead  and  a  ball  of  cork  of  equal  weight:  the  latter  loses 
more  of  its  own  movement  than  the  first  does  in  displacing?  tho 
same  quantity  of  air,  because  being  of  a  lighter 
substance  it  is  larger,  so  that  its  speed  is  naturally 
more  diminished.  The  difference  would  be  still 
more  perceptible  if  the  fall,  instead  of  being 
eflected  through  the  air,  were  to  take  place  in  a 
dense  gas. 

Galileo's  discovery  has  since  been  exactly  con- 
firmed by  experiment,  and  the  honour  of  this 
confirmation  belongs  to  Newton. 

Take  a  long  glass  tube  furnished  at  both  ends 
with  two  frames  of  copper,  one  hermetically  closed, 
the  other  terminated  by  a  stopcock,  which  allows 
the  tube  to  be  adjusted  on  the  table  of  an  air-pump, 
an  instrument  by  which  we  can  carry  off,  or  exhaust, 
the  air  which  it  contains.  We  now  introduce  into 
one  end  of  the  tube  bodies  of  different  densities, 
such  as  small  pieces  of  wood,  metal,  feathers,  paper, 
cork,  &c.  After  exhausting  the  air  by  means  of 
the  air-pump,  and  turning  the  stopcock  to  prevent 
its  re-entrance,  we  turn  the  tube  quickly,  and  place 
it  in  a  vertical  position.  All  the  little  bodies  at 
once  quit  the  top  and  fall  together  in  the  direction 
of  the  axis  of  the  cylinder  (Fig.  4).  If  the  tube  be 
inverted  before  the  air  is  extracted,  the  unequal 
rate  of  fall  is  clearly  shown.  If  the  experiment 
be  repeated  several  times,  gradually  letting  the  air 
into  the  tube,  it  will  be  observed  that  this  in- 
equality decreases  with  the  rarefaction  of  the  air 
in  the  tube.  When  the  vacuum  is  as  complete  as 
possible,  all  the  bodies,  although  of  different  den- 
sities, reach  the  lower  part  of  the  instrument  at  the  same  time. 

It  is  then  the  resistance  of  the  medium  which  is  the  cause  of  the 
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Fio.  4.  —  Experiment 
showing  the  e<|ual  ve- 
locity of  bodieit  falliug 
tn  vacuo. 
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ti//rjLii  in  l5i^  oir^.'tj'/n  *A  th':  i^iii  '/f  th^  ]y/u*er  1*>H*^»-  A  -b^rt  f^f 
ytkl^^r,  for  iu'sriiirj'yf,  thrown  inv^  i?i^  air.  iik»r*  a  cun'^1  ar.-i  ^Azrn 
v#?rjr  in^^A^t  Hijut  io  I'lt*-.  i:r*^':u*L  If  we  tak»-  h  y.^.-f:  of  moEiey. 
ai  ymuy  T/r  jf*'*Uij^;^r,  ari'l  a  'li.*<;  of  j^ifr^r  of  the  saixie  siz^,  an«i  let 
On^rfi  fall  h",u''iVi^J:\w  U  r.u  the  sarrje  hei^rht,  the  monev  will  touch 
tfi^  ^tonuf\  l^fore  the  pap^r  If  we  aft^rrwarU  place  the  disc  on 
tte  \t^Atuy,  Hw\  let  thern  fiil  t^ij.'ether,  both  will  touch  the  ground 
at  the  itanie  tu-Xaul,  The  luetal,  in  the  latter  case,  prevents  the 
fHijJitance  of  the  air  at  the  lower  face  of  the  j^aper. 

What  has  ju-^t  l^e^m  «-aid  of  w^lid  Ixxlies  applif^  e^^ually  to  liquids 
ari/l  ga«*r«,  A  twi^H  of  water  ih  dividM,  in  its  fall,  into  a  number 
of  very  femall  droj/«,  the  formation  of  which  Is  due  to  the  resistance  of 
th<j  air  and  the  mobility  of  the  liquirl  particles.  This  division  is  very 
]itir('At\A\h\ii  in  jetH  and  in  casf;a/les  or  natural  sheets  of  water  which 
fall  from  j^reat  heights.  If,  in  order  to  exp*riinent  on  the  fall  of 
liquid  bodies,  we  nm  a  tube  in  which  a  vacuum  has  lieen  made,  the 
wat4;r  will  \nt  found  U)  fall  en  hb>r.  to  the  lower  part,  keeping  the 
cylindrir;al  form  of  the  vffssel,  and  its  fall  produces  a  dry  noise — 
a  *'  click,*'  as  would  that  of  a  s^did  body.  Such  a  tulje  forms  what 
\%  calte^l  a  "  wat^.'r  hammer."  Smoke  enchased  in  a  similar  vacuous 
iv\^i  aWj  falls :  it  is  thus  seen  that  gaseous  and  vaporous  bodies 
have  a  cert^iin   weight 

We  may  state,  in  passing,  that  the  resistance  of  the  air  to  the 
fall  of  ljo<li('H  is  a  fortunate  thing  for  agriculture,  which  already 
Muffers  too  mu<;h  from  the  ravages  produced  by  hail.  Without  this 
n!HiHtan<;e  the  HmallcHt  rain  would  strike  the  surface  of  the  ground 
with  evi'r-iiicn'aHing  force,  and   would  cause  great  damage. 

Here,  then,  is  one  point  gained,  and  the  first  law  of  falling 
Innlies  proved: — All  hodieji  nUvnied  on  the  sxirface  of  the  earth, 
whatever  mat/  }ye  their  volume  n)ul  their  vwm,  fall  in  vacuo  unth 
etputl  velocitff. 

An  important,  inference  may  be  at  once  drawn  from  this,  namely, 
that  the  force  of  gravity  acts  with  ecjual  energy  on  each  particle 
of  matter,  ab.solutely  as  if  ea(;h  of  the  ])articles  which  compose  a 
lM)dy  were  separate  and  independent  Kx])erinient  has  proved  to 
WH  that   gravity  art.s  in   the  same  way  on  all  bodies,  whatever  be 
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their  volumes  and  densities,  whilst  the  weight  of  a.  body  is  the  sum 
of  tlie  action  of  gravity  on  uU  the  particles,  and  in  consequence 
it  varies,  cither  with  tlie  volume,  for  homogeneous  bodies  of  the 
same  kind  of  matter,  or,  if  tlie  volume  cliaugcs,  it  varies  with  the 
density. 

Let  us  inquire  further  into  the  phenomena  of  the  fall  of  bodies 
on  the  earth's  surface. 

The  direction  of  gravity— iind   this  is  a  fact  that  everyone  can 
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prove  for  himself— io,  in  every  part  of  the  earth,  vertical ;  tliat  is, 
in  a  straii^lit  line  perpendicular  to  the  plane  of  the  horizon. 
This  piaue  may  be  determined  by  the  surface  of  still  water.  A 
very  simple  practical  way  to  assure  oneself  of  this  fact  is  to  observe 
the  position  that  a  flexible  thread  stretched  by  a  heavy  weight  takes 
when  the  thread   conies  to   rest,  after   innny  oscillations.      Such  a 
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thread  is  called  a  plumb-line  or  plDmmet,  and  is  used  bj  woik- 
men  who  wish  to  construct  an  upright  building.  Placing  the 
plumb-line  above  a  liquid  mass  at  rest,  for  example  a  meiemy 
bath,  it  is  easily  seen  tliat  the  direction  of  the  string  and  that  of  its 
image  are  in  the  same  straight  line  (Fig.  5\  and  consequentlT,  in 
virtue  of  the  laws  of  the  reflection  of  light,  which  we  shall  discuss 
in  the  sequel,  both  are  perpendicular  to  the  horizontal  surface  of 
the  liquid. 

The  different  verticals,  we  have  already  said,  are  not  parallel ;  but 
at  very  slight  distances  the  angle  which  they  form  is  so  small  that 
it  is  impossible  to  measure  it.  This  is  not  the  case  if  we  take  two 
places  on  the  earth  somewhat  distant  from  each  other:  in  this  case 
their  respective  verticals  can  be  measured  by  means  of  astronomical 
observations.  If  the  two  places  are  on  the  same  meridian,  and 
have  the  same  geographical  longitude,  the  angle  of  the  verticals 
is  measured  bv  the  diflference  of  latitude.  The  diflerence  between 
the  directions  of  gravity  between  Paris  and  Dunkirk  is  thus  found 
to  be  about  T  12',  between  London  and  Edinburgh  about  4'  25';  the 
verlinal  wliicli  passes  through  the  top  of  the  cross  of  St  Paul's 
and  that  which  passes  through  the  flagstaff  on  Victoria  Tower 
make  but  a  very  small  angle  with  each  other.^ 

Hence  it  follows  that  the  waters  of  a  lake  or  of  a  sea  are 
bounded  by  a  surface  which  is  not  plane,  but  spherical,  or  rather 
spheroidal,  although  at  every  part  or  point  of  the  earth's  surface 
it  is  confounded  with  the  plane  of  the  horizon  of  the  place. 

We  must  therefore  understand  that  when  it  is  said  that  hea\'y 
bodies  fall  in  a  constant  direction,  which  is  that  of  the  vertical  of 
the  place,  this  constancy  implies  only  a  parallelism  of  fall  at  places 
very  near  together. 

1-astly,  let  us  add  that  the  rotatory  movement  of  the  earth 
produces  a  deviation  in  the  fall  of  bodies.     A  body  at  a  (Fig.  6), 

'  If  the  cx|)erimeut  is  made  in  the  neij^hlMmrhood  of  a  very  high  mountain,  the 
pliiml>-line  in  deflected  from  the  vertical,  under  the  influence  of  the  attraction  of 
the  maMs  of  the  mountain.  This  deviation,  always  very  slight,  was  first  measure<l 
hy  Ikui^ier  and  Lacondamine,  on  the  side  of  the  Chimborazo.  In  1774  Dr. 
Maskelyne  measured  tlip  attnictive  influence  of  Mount  Schihallion,  which  he  found 
e<jual  to  alKHit  1 2" ;  that  in,  two  plumb-lines,  situated  on  either  side  of  the  mountain, 
instead  of  fonning  l»etween  them  the  angle  indicated  by  the  difference  of  latitude  of 
the  stations,  formed  one  larger  by  12  seconds. 
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aituated  at  a  certain  height  in  the  air,  would  fall  at  the  foot  of  the 
vertical  at  A,  if  the  earth  was  iramoveable.  But  during  the  time  of 
its  fall,  the  rotatory  movement  makes  it  describe  an  arc  a  a',  larger 
than  the  arc  a  a'  described  by  the  base  of  the  vertical.  Left  to 
itself,  it  retains  its  velocity  of  primitive  impulsion,  and  ought  to 
fall  at  A  to  the  east  of  the  lower  point.  Such  is  the  deviation  which 
the  theory  indicates,  and  which,  being  nothing  at  the  poles,  goes  on 
increasing  towards  the  equator.  Experiment  confirms  the  reasoning : 
in  the  atmosphere,  however,  it  is  difficult  to  succeed  in  the  experi- 
ment, on  account  of  the  disturbances  in  the  air ;  but  it  can  be  proved 


that  a  metallic  ball  a  dropped  at  the  mouth  of  a  very  deep  niino, 
falls  at  b',  a  little  to  the  east  of  the  foot  b  of  the  plumb-lire  which 
marks  the  veitical.  The  deviation  depends  of  course  on  the  depth 
of  the  mine;  at  the  equator  it  is  S'S  millimetres  for  a  well  100 
metres  deep.  For  a  mine  at  Freiburg,  in  Saxony,  M,  Eeich  proved  an 
eastern  deviation  of  28  millimetres  at  a  depth  of  158'5  metres,  theory 
indicating  266  millimetres.  It  is  evident,  then,  that  we  have  here  an 
experimental  proof  of  the  earth's  rotation. 

Galileo,  in  his  experiments  on  the  fall  of  heavy  bodies,  did  not 
confine  himself  to  destroying  tlie  popular  fallacy,  which  was  still 
prevalent  in  his  time,  regarding  the  inequality  of  the  velocity  of  fall 
being  attributable  to  the  difference  of  weight  or  to  tlie  density  of  the 
substances.  He  observed  that  the  velocity  acquired  increased  witli 
the  heighia  of  the  fall ;  that  the  spaces  traversed  were  not  simply  pro- 
portional to  the  times  employed  to  traverse  them, — iu  fact,  that  the 
fall  of  heavy  bodies,  instead  of  being  a  uniform,  is  an  accelerated 
movement     Such  an  assertion  doubtless  had  been  made  before  him. 
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f/**i  tjh  huA  *>,jh  '/>f'^/  ^>(  dbi/tfpTt:TiTiq  tb*^  pr*?:-!*^  law  of  van:>>n  vf  :Lrr 

t/>  i»:iif:ii  i.;<  f;;i';,*:  Li^j  nrotairj^l  at?ai:he»i  This  was  ibe  iiK-liiKii 
plirA^  '/f  ^/;<i.;l',-*^/  Th':  r^pidiry  with  wLi:h  heavy  hx>lie^,  ii:t-tali:c 
\jieklU  tor  ifi*ta;*'>f,  \t-xv^A  in  iheir  fall.  Aji^  not  eaj?ilv  allow  of  Jinvi 
f/'^rv'^Uofi,     15;*.   ^'ftltl^-jj  krj*fW  tliat  a  hea\-^-  bo^lv  i^rft  to  it«rlf  ou 

a  plaue  iiicliue<i  lo  the  hf»riz*jii. 
f    ,  aij<l  subject^  uulv  to  the  actiiju 

of  in^\itv,  follows  ill   i'^   move- 

inenti^  the  same  laws  as  if  it  firll 

•   r  verticallv:    the    fri«.tiuii    of    the 

tu.  7    M,,-;.  i;t    f  h;*vy  t,-j^»  Ml  .D      j^^y  ^q    ^j,^   pkue   and  tl:e   rt.- 

sistance  of  the  air  during  the 
fall,  in  tb'j  two  rav-s  lieifj;r  disregarde*!  Tlie  force  whicli  draws 
iSit;  \nAy  down  the  inclined  plane  is  no  other  than  gravity, 
diniini«*hed  in  th^;  nitio  of  the  two  lines  AC  and  a  b,  which  measure 
iU  h'^ight  and  xU   length. 

In  the  ca*e  r^;[irefM;nt^.'d  in  the  figure  the  force  of  gravity  is 
rediH^^d  to  little  more  than  a  quarter  of  its  natural  value. 

The  movement  l><?ing  c^jnsiderably  retarded  by  this  arrangement, 
(talileo  could  easily  mea^jun.'  the  siiaces  traveii=jed  during  each  suc- 
ceHhive  wrcond. 

Hut  as  tlie  experiments  of  the  inclined  plane  do  not  give  results 
of  gnrat  preci.sion,  tlx?  laws  of  falling  bodies  are  determined  at 
III*'  preMcut  (lay  by  various  instruments  which  are  found  in  all 
ptiyhical  lalniratoricH,  and  which  will  l>e  here  described.  Already 
in  the  Hevcnt(;enth  century,  lliccioli  and  Grimaldi  assured  themselves 
of  the.  I'XiietneMS  of  (ialibfo's  exp(;riments,  but  they  confined  them- 
Mi'lveM  to  dropping  a  weight  from  the  tops  of  towei-s  of  unequal 
heightH,  and  measuring  the  times  of  the  fall  by  the  oscillations 
of  the  pendulum.  In  \i\\)\)  Father  Sebastian  invented  a  machine 
for  the  Hame  pui-j^ose.  lastly,  an  Phiglish  physicist,  Attwood, 
conntructed  oikj  wliidi  still  bears  his  name  :  and  in  our  time 
(icnenil  Morin  has  iiivijnted  another,  which  registers  directly  the 
renultH  of  the  cx[)eriment. 
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The  plan  iuvented  by  Attwood  to  retard  tlie  movement  of  falling 
))odiea  is  this :  a  very  fine  silken  thread  is  passed  round  a  wheel 
(Fig.  8),  moving  easily  on  friction  rollers,  the  thread  having  at 
its  two  extremities  metallic  cylinders  of  exactly  the  same  weiglit. 
In  this  state,  the  pulley,  tlie  line,  and  the  weights  remain 
at  rest,  because  the  two  equal  weights  produce  equilibrium.  If 
an  additional  weight  is  placed  on  one  of  tlieni,  the  system  will 
be  put  into   motion:    the  two  portions  of  the  line  will  be  moved 


in  an  opposite  direction,  each  still,  however,  keeping  its  vertical 
direction.  But  it-will  be  at  once  seen  that  the  speed  of  the  fall 
will  be  the  more  letarded,  as  the  additional  weight  is  small  com- 
pared with  the  sum  of  the  two  equal  weights.  Let  us  suppose 
that  each  of  these  weighs  12  grammes,  and  the  additional  one 
weighs  1  gnmmic  only.  The  total  weight  of  2J  grammes  being 
put  into  motion  hy  a  force  which  is  only  a  twenty-fifth  part,  it  is 
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trkar  ttua   tbt  fsfi^A 


Tlie  lower  |)l«t*>  sim)>ly  nrrests  the 


Lii-h  a  taBmg  bodr  voold 
posses  if  the  inten- 
eity  of  jrravitT  were 
tw«ity-6Te  tiiDe?  less. 
ObeenatiOD  is  tfaos 
Ttntiered  easy,  witb- 
ottt  'iistnrbii^  the 
bwB  of  motion. 

Fig.  i*  Ebon  tbe 
airangement  of  tbe 
macliine.  At  tbe  top 
of  a  colnmn  a  poller 
i«  seen,  the  axle  of 
wliich  rests  on  two 
systems  of  parallel 
wheels  (friction  roll- 
ers— see  Tig.  8,  j  then 
the  line  which  passes 
ronnd  the  pulley  i? 
stretched  liy  equal 
weights  on  either  side. 
A  vertical  scale,  care- 
fully divided,  is  placed 
l«}iind  one  of  the 
weights,  on  which 
Ecale  the  distance 
from  tlie  base  of  the 
weiglit  to  the  zero  of 
the  scale,  that  is,  the 
jioiiit  of  departure  of 
the  weight,  may  be 
read  in  each  of  its 
positions. 

This  scale  has  two 
moveable  jilates,  wliicb 

Bbckiic.         '""  ^  fixed  by  screws 
nt  any  of  its  divisions. 

mnvemi  nt  of  the  system  at  will 
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The  otlier  plate  is  in  the  form  of  a  ring,  and  the  openiDg  is  large 
enough  to  allow  the  weight 
suspended  to  the  line  jp'  to 
pass  through,  buton  the  other 
hand  stops  the  additional 
weight  jp  on  account  of  its 
elongated  form.  A  pendulum 
beating  seconds  is  added : 
each  movement  of  the  second- 
hand makes  a  clear  sharp 
noise,  by  means  of  which 
the  passing  seconds  can  be 
counted  without  looking  at 
the  dial.  A  contrivance  at- 
tache<l  to  the  clock  cnablas 
each  experiment  to  begin  at 
the  precise  instant  when  the 
seconds'  hand  is  at  the  zero 
of  the  dial,  at  the  upper  part 
of  the  latter.  The  additional 
weight,  first  placed  above 
the  weight  which  occupies 
tlie  division  0  of  the  ver- 
tical scale,  is  suddenly  let 
go  by  the  action  of  the 
mechanism,  and  motion 
begins. 

Tlie  experiments  are  per- 
formed in  thisway:  Place  the 
lower  plate  in  such  a  place  on 
the  column  tliat  the  cylindri- 
cjil  weight  surmounted  with 
the  weight  j>  will  touch  it 
precisely  at  the  commence- 
ment of  tlic  second  second, 
which  is  determined  by  the 

coincidence  of  tlie  second  beat  of  the  pendulum  with  the  click  of 
the  weight   on   the   plate.     Suppose   this   point   be   at  the  twelfth 


is:. 
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division  of  the  scale  (Fig.  10).  It  is  then  observed,  in  conducting 
this  ope mt ion  successively  during  two,  three,  four  seconds,  &c., 
that  tlie  lower  plate  must  be  at.  the  following  divisions,  in  order 
that  the  click  of  the  weight  coincides  each  time  with  the  successive 
beats  of  the  clock.  These  divisions  arc  marked  by  the  numbera 
48,  108,  11)2,  &c. 

Thus  the  spaces  described  are  :  — 

Afler  1  second 12  centimetres. 

„      2  seconds 48           „  =  12  X  4 

„      3       „          108           .,  =  12  X  J> 

„      4       „           li>2           „  =  12  X  1C5 

„      5       , 30t)           „  =  12  X  25 

The  si^ace,  then,  through  which  a  falling  body  travels,  must  be 
multiplied  by  the  numbei'S  4,  9,  10,  25  ....  to  obtain  the  space 
described  during  2,  3,  4,  5  ...  .  st»conds  of  fall.  If  the  additional 
weight  be  changed,  the  numbers  which  measure  the  spaces  traversed 
in  each  second  would  change  :  their  ratio,  however,  would  still  re- 
main the  same. 

Here,  then,  is  the  first  law,  the  one  discovered  by  Galileo : 

The  space  ihsrribed  by  hotlie^  Jalliiuj  freely  uiuhr  the  action  of 
(jravity  is  proporlionnl  to  the  sqiuire  of  tlve  time  elapsed  from  the 
begin  niny  of  the  fall. 

It  remains  for  us  now  to  determine  the  law  of  velocity — that  is, 
to  learn  what  is  the  speed  acquired  after  1,  2,  3  ...  .  seconds  of 
fall.  Whilst  the  body  which  falls  remains  subject  to  the  action  of 
gravity,  this  velocity  goes  on  increasing  at  each  insUmt  during  the 
fall,  and  cannot  in  c6nse<[uence  be  directly  observed.  To  render  this 
determination  possible,  the  continuous  action  of  gravity  must  be 
suppressed  at  the  moment  the  following  second  begins,  so  that  the 
body  may  continue  to  move  uniformly,  and  in  virtue  of  tlie  acquired 
velocity  alotw. 

It  is  important  to  understand  what  is  meant  by  the  velocity  of  a 
body  which  falls,  or,  to  speak  generally,  which  is  endowed  with  an 
accelerated  motion.  This  velocity  of  motion  at  a  given  moment 
is  measured  by  the  si)ace  through  which  the  body  would  travel 
uniformly  in  each  of  the  following  seconds  if  the  force  ceased  to 
act,  and  the  motion  ceased  t<»  be  accelerated.     The  rinj;  of  Attwood's 
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machine  realizes  this  hypothesis.    It  is  sufficient  to  fix  it  successively 

at  the  divisions  that  were  shown  in  the  first  experiment,  then  to 

find  by  trial  at  which  part  of  the 

scale  the   lower  plate   must  be   in 

order   that   the   weight,  relieved   of 

its  overweight,  may  strike  it  at  the 

beginning  of  the  following  second. 

The  experiment,  supposing  that  p 
has  the  same  mass  as  ^/,  will  give 
the  following  numbers :  36,  96,  180, 
&c.  (see  Fig.  11).  Hence  it  follows 
that  the  uniform  velocity  of  falling 
bodies,  acquired  after  1,  2,  3  ...  . 
seconds  of  fall,  is  : 

After  1  second  .     24  centimetres  per  second. 
„     2  seconds.     48  „  „ 

*\  79 

The  velocity  goes  on  increasing  in 
proportion  to  the  time ;  the  second 
law  which  governs  the  fall  of  heavy 
bodies  may  then  be  thus  enun- 
ciated : — 

Wh^n  a  heavy  body  falls  freely 
under  the  action  of  gravity ,  its  speed 
is  accelerated:  its  velocity,  at  any 
moment  of  the  fall^  is  2^roportional  to 
the  time  elajysed  since  the  commence- 
ment of  motion. 

It  follows  also  from  the  same  ex- 
periments that  the  velocity  acquired 
after  one  second  of  fall  carries  the 
body  through  double  the  space  passed 
through  during  the  first  second ;  and 
it  is  easily  seen  that  this  is  indepen- 
dent of  the  unit  of  time  chosen. 

The  same  laws  are  proved  experimentally  by  means  of  the 
machine  invented  by  M.  Morin,  of  which  Fig.  12  gives  a  general 
view.     A  weight  of  a  cylindro-conical  form  descends  freely  along  two 


Fm.  11— ExperiiiRiffffl  sludy  of  falling 
bo«li»*H.     Law  of  v-iNR'ity. 
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vertical  rods :    it  ha  furnished  with  a  pencil,  which  marks  a  con- 
tiunous  line  on  a  cyUnder  covered  with  a  sheet  of  paper. 

If  the  cylinder  were  immoveable,  the  line  marked  by  the  weight 
during  its  fell  would  be  a  straight  vertical  line,  which  would  indi- 


cate nothing  as  to  the  spaces  traversed  during  successive  seconds. 
But  the  cylindrical  column  is  made  to  turn  uniformly  on  its  axis 
by  the  aid  of  a  system  of  toothed  wheels  moved  by  the  descent  of  a 
weiglit,  and  uniformity  of  rotation  is  produced  by  a  fan- regulator, 
the  spindle  of  which  is  connected  with  the  tniin.  Owing  to  this 
motion  of  the  cylinder  umliT  the  pencil  in  its  descent,  the  pencil 
traces  u  curve,  and  an  examination  of  this  curve  shows  us  the  law 
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which  governs  the  spaces  described  by  the  body  during  each  second 
at  different  parts  of  its  fall. 

The  curve  is  what  is  called  in  geometry  a  parabola,  the  funda- 
mental property  of  which  is  as  follows: — The  distances  of  the 
successive  points  of  the  curve  from  a  line  drawn  perpendicular 
to  the  axis  of  the  parabola  from  its  vertex,  are  proportional  to 
the  squares  of  the  distances  of  these  points  from  the  axis  itself 
The  line  perpendicular  to  tlie  axis  being  divided  into  five  equal 
parts,  the  five  distances  from  the  vertex  to  the  points  of  division, 

0,  1,  2,  3,  4,  5,  will  be  in   the   ratio   of 

1,  2,  3,  4,  5,  but  the  five  vertical  lines 
let  fall  from  the  divisions  will  be  in  the 
ratio  of  1,  4,  9,  16,  and  25,  that  is,  propor- 
tional to  the  squares  of  the  first  numbers. 

Now  the  cylinder  having  turned  uni- 
formly on  its  axis,  the  equal  portions  of 
the  circumference  which  separate  the 
points  of  division  of  the  horizontal  line 
mark  the  successive  seconds  of  fall  of  the 
weight,  and  the  vertical  lines  are  the  spaces 
traversed. 

As  to  the  law  of  velocities,  it  is  a 
direct  consequence  of  that  of  spaces. 

It  must    not  be   imagined    that    the 
machines  described  give  results  of  mathematical  exactness.    There  are 
many  hindrances,  such  as  the  friction  of  the  parts,  and  tlie  resistance 
of  the  air,  which  are  opposed  to  such  results  ;  but  the  differences 
which  arise  from  them  are  very  slight. 


Fio.  13.— Parabola  described  by  the 
weight  in  iU  fall. 


The  experiments  made  by  means  of  Attwood's  machine  show 
moreover  that  gravity  acts  on  the  falling  body  in  a  continuous  and 
constant  manner.  For  the  spaces  traversed  during  successive  seconds 
may  be  represented  by  the  odd  numbers  1,  3,  5,  7,  9,  &c. ;  and  as  the 
velocities  acquired  at  the  commencement  of  the  second  and  following 
seconds  are  2,  4,  6,  8,  10,  &c.,  it  is  seen  that  there  is  a  constant 
difference,  precisely  equal  to  the  space  traversed  during  the  first 
second.  This  difference  marks  the  continuous  action  of  gravity 
which,  added  to  the  acquired  velocity,  produces  the  effects  observed. 
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Again,  it  is  seen  that  if  a  body  is  thrown  up  vertically,  the 
height  to  which  it  rises  depends  on  the  amount  of  force  exerted, — 
moreover,  its  velocity  decreases, — and  when  it  descends  under  the 
action  of  gravity,  its  increasing  speed  at  each  point  along  its  path 
18  precisely  equal  Uy  that  which  it  possessed  at  the  same  point 
during  its  ascent. 

The  experiments  made  by  the  aid  of  Galileo's  inclined  plane 
and  Attwood's  machine  are  founded  on  an  artificial  diminution  of 
the  intensity  of  gravity,  which,  without  changing  the  laws  which 
govern  their  fall,  retards  the  motion  of  falling  bodies.  But  precisely 
on  this  account  they  do  not  enable  us  to  measure  the  actual  space 
traversed  during  one  second  of  fall ;  and,  moreover,  the  experiments 
must  be  made  in  vacuo.  M.  Morin's  machine  would  give  this  space 
approximately,  but  the  result  would  re([uire  corrections  for  friction 
and  the  resistance  of  the  air.  We  shall  see  further  on  that  the 
exact  si)ace  has  been  determined  by  a  more  precise  method. 

The  intensity  of  the  force  of  gravity,  moreover,  we  shall  soon 
see,  is  not  rigorously  constant :  it  varies  with  the  place,  according  to 
latitude,  and  even  with  the  local  features  of  the  terrestrial  crust. 
Lastly,  in  the  same  place,  the  intensity  varies  with  the  height 
above  the  ground,  or  with  the  depth  Ixjneath  it. 

It  must  be  borne  in  mind  that  the  following  figures  refer  to 
the  fall  of  bodies  in  vacuo,  in  the  latitude  of  London,  and  at  a 
little  distance  from  the  sea-leveL 

Under  these  conditions,  a  body  travels  during  the  first  second 
of  its  fall,  lOyV  feet.  The  velocity  acquired  after  one  second  is 
then  32 J  feet,  and  it  is  this  latter  numlxir  which  enal)les  the 
force  of  gravity  to  be  ascertained. 

Fall  in  1  secotul  =  1  X  l^-r  =  l^>iV 

„        2  seconds  =  4  X  10|'j  =  C4/^ 

„       3       „  -  1)  X  IG^^  =  \U^i 

„       4       „  =  in  X  K^V  =  257,^ 

„       5        „  =  :J5  X  1C>,V  =  402,V 

The  time  that  a  b(»dv  takes  to  fall  from  a  certain  height,  and 
the  velocity  acrjuired  at  the  moment  it  touches  the  ground,  may 
also  be  found  in  like  manner. 

In   the   case    of  a   falling   boily   the   velocity    is   uniformly    in- 
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creased  by  gi^avity ;  in  the  case  of  an  ascending  one  it  is  uniformly 
decreased. 

To  throw  a  body  to  a  vertical  height  of  400  feet  we  must  give  it 
a  velocity  of  161  feet  per  second.  Tliis  body,  then,  takes  5  seconds 
to  ascend,  and  it  would  descend  in  tlie  same  time. 

Let  us  repeat,  in  order  that  the  reader  may  not  imagine  that 
the  above  numbers  are  found  to  be  rigorously  true  in  practice,  that 
the  resistance  of  the  air  is  an  element  which  much  influences  the 
movements  of  rising  or  falling  bodies,  and  that  tlie  ratio  of  their 
weight  to  the  surface  which  they  offer  to  this  resistance  makes  the 
result  vary.  The  experiment  made  by  a  physicist  of  the  eighteenth 
century,  Desaguliers,  before  Newton,  Halley,  Derham,  and  many 
others,  may  here  be  referred  to.  Having  dropped  from  the  lantern 
above  the  dome  of  St.  Paul's  different  bodies,  such  as  leaden  balls 
2  inches  in  diameter,  and  bladders  filled  with  air,  of  5  inches 
in  diameter,  he  found  that  the  lead  took  4 J  seconds  to  fall  through 
272  feet,  the  height  of  the  lantern  above  the  ground  ;  and  that 
the  bladders  took  18i  seconds.  Now,  in  vacuo,  the  space  would 
have  been  passed  through  by  both  bodies  in  4J  seconds. 

As  the  resistance  of  the  air  increases  with  the  velocity  of  the 
fall,  it  is  clear  that  bodies  which  fall  from  a  great  height,  after 
liaving  acquired  a  certain  speed,  finish  their  descent  with  a  uni- 
form movement.  It  has  been  calculated  that  a  drop  of  water,  the 
volume  of  which  would  be  about  the  louooWoi)^^^  ^^  ^  cubic  inch, 
would  fall  through  perfectly  calm  air  with  a  constant  velocity  of 
5  inches  a  second,  so  that  it  would  not  travel  more  than  25  feet 
in  a  minute.  This  explains  the  relatively  small  velocity  of  rain- 
drops, in  spite  of  the  considerable  height  of  the  clouds  from  which 
they  fall. 


n 
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CIlArJEll  IV. 

LAWS   OF  GRAVITY.— THE   PENDULUM. 

The  Pendulam — Galileo's  olMervations — Delinition  of  the  simple  pendulum — Iso- 
chronism  of  oscillations  of  small  amplitude — KeUtion  between  the  time  of 
the  oscillations  and  the  length  of  the  pendulum —Variations  of  the  force  of 
grayitj  in  different  latitudes — Borda's  {>endulum — Lengths  of  the  pendulums 
which  beat  seconds  in  London,  at  the  equator,  and  at  the  poles — Calculation 
of  the  oblateness  of  the  earth — Experiments  proving  that  the  density  of  the 
earth  increases  from  the  surface  to  the  centre. 

"VTEWTON,  seated  one  day  in  his  garden  at  Woolsthorpe,  saw  an 
■^^  apple  break  off  from  the  branch  of  a  tree,  and  fall  at  his  feet- 
It  was  this  simple  circumstance  which  suggested  to  him  his  pro- 
found researches  on  the  nature  of  the  force  of  gravity,  and  which 
made  him  ask  whether  this  mysterious  action,  to  which  all  terres- 
trial bodies  are  subjected,  whatever  their  height  in  the  atmosphere, 
whether  at  the  bottom  of  valleys  or  at  the  top  of  the  highest 
mountains,  did  not  extend  even  to  the  moon.  Thanks  to  tlie 
meditations  of  this  great  genius,  we  had  not  long  to  wait  for  the 
solution  of  this  grand  pi-oblem :  but  it  was  not  till  twenty  years 
later  that  the  edifice  of  which  Kepler,  (fulileo,  and  Iluyghens  had 
prepared  the  foundation,  which  the  successors  of  Newton  finished, 
and  which  bears  this  triumphant  superscription — "  Universal  Gravi- 
tjition,*' — was  at  last  constructed  in  its  majestic  beauty. 

Is  this  anecdote,  repeated  by  all  biographers  of  the  great  man, 
really  true?  It  matters  little:  the  essential  point  is  that  it  is 
l)robable.  But  we  should  be  mistaken  if  we  ima,c,Mned  that  it  was 
of  a  nature  to  diminish  the  glory  of  tlie  ))hilos(»pher.  Such  things 
had  happened  millions  of  times  biif  )re,  to  his  an  'estors  and  to  his 
contemiK)raries.      Such   a  fact  as  the  fall  of  an  apple  could  only 
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excite  such  thoughts  in  a  mind  capable  of  the  highest  specula- 
tions, and  moved  by  a  will  powerful  enough  to  be  always  thinking 
them  out. 

It  was  a  similar  occurrence  which  caused  Galileo  to  undertake 
his  researches  on  the  motion  of  the  pendulum.  He  was  then  pro- 
fessor at  Pisa,  and,  as  we  have  before  stated,  was  studying  the  laws 
of  falling  bodies.  "  One  day,"  we  read,  "  wliile  present  at  a  religious 
ceremony  in  the  cathedral — paying,  however,  it  would  seem,  very 
little  attention  to  it — he  was  struck  by  a  bronze  lamp — a  chef- 
(Tosuvre  of  Benvenuto  Cellini — which,  suspended  by  a  long  cord, 
was  slowly  swinging  before  the  altar.  Perhaps,  with  his  eyes 
fixed  on  this  improvised  metronome,  he  joined  in  the  singing. 
The  lamp  by  degrees  slackened  its  vibration,  and,  being  attentive 
to  its  last  movements,  he  noticed  that  it  always  beat  in  the  same 
time."  1 

It  was  this  last  observation  which  struck  Galileo.  The  lamp, 
when  the  motion  had  nearly  ended,  described  smaller  and  smaller 
arcs  through  the  air,  the  period  of  swing,  however,  remaining 
the  same.  The  able  Italian  philosopher  repeated  the  experiment, 
and  discovered  the  connection  which  exists  between  the  period  of 
oscillation  and  the  length  of  the  cord  supporting  the  oscillating 
weight.  Huyghens  completed  this  beautiful  discovery,  and  gave  the 
mathematical  law  of  the  motion  of  the  pendulum.  Let  us  try  to 
give  an  idea  of  this  law,  and  show  how  it  is  connected  with  the 
theory  of  gravity. 

Imagine  a  material  and  heavy  point  m'  (Fig.  14)  suspended  to  one 
of  the  extremities  of  an  inextensible  line  without  weight.  These 
are  conditions  which  cannot  be  realized  in  practice,  but  they  are 
accessible  in  theory.  The  line  being  fixed  by  its  upper  end,  the 
action  of  gravity  on  the  material  point  m'  stretches  the  line  in  the 
vertical  direction,  and  the  system  will  remain  at  rest. 

Let  us  now  suppose  that  the  string  is  moved  out  of  the  vertical, 
still  being  kept  tight  and  straight,  and  is  then  abandoned  to  itself 
in  a  vacuum.      What  will  happen? 

The  action  of  gravity  in  the  new  position  in  M  continues  to  act 
on  the  material  point :  but  as  this  force  always  acts  in  a  vertical 

'  J.  Bertrand,  ''  Galileo  and  his  Works." 
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direction,  and  as  the  strin*^  is  no  longer  in  that  line,  the  resistance 
of  the  latter  cannot  comj^letely  annul  the  force  of  gravity. 

The  material  point,  being  attracted,  will  then  fall :   but  as  the 
string  is  inextensible,  the  fall  can  only  be  effected   along  an   arc 

of  the  circle  having  its  centre  at  the 

I  l)oint  of  suspension  a,  and  its  i-adius 

'  \  \  the  length  of  the  string  am.     It  is  as 

if  the  point  were  on  an  inclined  plane, 

with   its   summit   at  M,  and   with  an 

inclination  gradually  becoming  smaller 

\  and  smaller.     Calculation  shows  that 

\}'        the   movement   will   l)e   effected  with 

r     increasing  velocity,  until  the  time  when 


^. 


u  ^^~—  :..     -      ir 


*•  ^*  the   string  will  have  returned   to   its 

Kio.  14.— Onrillntory  njovemeut  of  a  .  ,   ,  . 

stiiii>ii>  iHuauium.  vertical  position  ;  tlien,  by  virtue  of  its 

acquired  speed,  it  will  describe  an  arc 
equal  to  the  tirst,  but  with  decreasing  velocity.  Arrived  at  m",  at  the 
same  height  as  the  point  M,  its  motion  will  cease.  It  will  be  easily 
understood  that  the  material  point  will  recommence  a  movement 
similar,  and  i)erfectly  equal  to,  the  first,  as  the  circumstances  are 
the  same,  but  in  the  contrary  direction.  This  would  be  perpetual 
motion,  if  the  supposed  conditions  could  be  fulfilled. 

The  ideal  instrument  we  have  just  described  is  called  the 
pendulum — the  simple  pendulum,  in  contradistinction  to  the  real 
but  compound  pendulums,  which  may  be  actually  constructed  and 
observed. 

The  whole  movement  from  M  to  m"  is  called  a  swing  or  an 
oscillation,  and  its  duration  or  period  is  obviously  the  time  that 
the  object  takes  to  make  the  entire  oscillation.  It  is  scarcely 
necessary  to  state  that  the  perpetuity  of  the  oscillations  or  of  the 
movement  of  the  ])en<luluni  is  purely  theoretical.  In  reality,  many 
causes  exist  which  by  degrees  destroy  the  motion,  and  end  by 
stopping  it  The  suspended  l)ody  is  not  only  a  material  point,  but 
generally  a  metallic  lens-shaped  disc  or  ball  The  rod  is  itself 
often  large,  and  the  resistance  of  the  air  destroys  part  of  the  motion 
of  the  jKjndulum  at  each  oscillation.  Let  us  add  to  these  causes 
of  rt'tardation  the  friction  of  the  knife-edge  on  the  ])lane  of 
8USi>eiision.     Nevertheless,   the  laws  of  the  simple   pendulum  have 
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been  successfully  applied  to  the  oscillations  of  compound  pendu- 
lums, and  the  resistances  which  necessarily  proceed  from  the 
relative  imperfection  of  the  pendulums  have  been  taken  into 
account  with  eveiy  possible  precision.  These  laws,  which  it  is 
so  important  to  understand,  and  which  have  made  the  pendulum 
the  best  instrument  for  the  measurement  of  time ;  the  most  precise 
indicator  of  the  irregularities  which  the  terrestrial  spheroid  presents  ; 
and  a  scale  by  the  aid  of  which  the  density  of  our  planet  and  of 
all  the  bodies  of  our  solar  system  can  be  weighed,  may  now  be 
stated. 

The  lii-st  law  is  that  discovered  by  Galileo  from  observation  : 
it  is  as  follows  ; — **  The  time  of  very  small  oscillations  of  one  aiid  the 
same  pendulu III  is  independent  of  their  ainjMude  ;  tJte  oscillations  are 
isochranaus — that  is  to  say,  they  are  all  performed  in  the  same  time" 

By  small  oscillations  must  be  imderstood  those  the  angle  of 
which  is  less  than  four  degrees.  Within  this  limit  the  oscillations 
of  greater  amplitude  are  made  in  a  veiy  little  longer  time  than 
the  others,  but  the  difference  is  very  slight,  and  it  is  not  until 
alter  a  great  numUr  of  oscillations  that  all  the  little  differences 
of  which  we  speak  become  perceptible. 

It  is  theoiy,  then,  which  demonstrates  the  isochronism  of  pen- 
dulum oscillations.  But  the  law  is  easily  verified  by  experiment. 
If  we  carefully  count  a  considerable  number  of  oscillations,  and  by 
a  good  chronometer  measure  the  immber  of  seconds  elapsed,  these 
two  numbers  obtained  give,  by  simple  division,  the  time  of  one 
oscillation,  which  will  be  found  to  be  the  same  either  at  tlie 
beginning  or  at  the  end  of  the  experiment. 

This  equality  in  the  time  required  for  passing  through  unequal 
distances  under  the  influence  of  a  constant  force  appears  singular  at 
tirst  sight;  but  on  reflecting  a  little  it  will  be  undei*stood,  without 
further  demonstration,  that  in  the  case  of  greater  amplitude  the 
pendulum  commences  its  swing  in  a  direction  move  out  of  the 
vertical ;  the  force  of  gravity,  therefore,  gives  it  greater  velocity, 
by  the  help  of  which  it  soon  makes  up  for  the  lead  which  a  similar 
pendulum  would  have  in  describing  an  arc  of  less  amplitude. 

The  second  law  which  governs  the  motion  of  the  pendulum 
establishes  a  relation  between  the  time  of  the  oscillations  and  the 
length  of  the  pendulum. 
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Let  us  imagine  a  scries  of  penduhims,  the  smallest  of  which 
beats  seconds,  the  others  performing  their  oscillations  in  2,  3,  4  .  .  . 
seconds  respectively.  The  length  of  these  last  would  be  4,  9,  16  .  .  . 
times  greater  than  the  length  of  the  firfct:  the  times  following  the 
series  of  the  simple  numbers,  the  lengths  following  the  series  of 
the  squares  of  these  numbers.  This  is  expressed  in  a  more  general 
manner  by  saying :  The  jicriocis  of  oscillation  of  pendulums  are  in  ike 
direct  ratio  of  the  square  roots  of  their  lengths. 

Tlieory  and  obseiTation  agree  in  demonstrating  this  important 
law :  but  since  we  speak  of  experimental  verifications,  and  since 
we  know  that  it  is  impossible  to  realize  a  simple  pendulum,  it  is 
time  to  state  how  the  laws  of  this  ideal  pendulum  are  applied  to 
the  real  or  compound  pendulums. 

Pendulums  of  this  kind  are  ordinarily  formed  of  a  '*  bob,"  or 

spherical  ball    of   metal,  with    a  rod  adjusted 
1  I      in  the  direction   of  the  centre  of  figure  of  the 

•  sphere  or  of  the  bob.     This  rod  is  fixed  at  its 

^^^  ,  I      upper  part  into  a  sharp  metal  knife-edge,  which 

rests  on  a  hard  and  polished  plane  (Fig.  15). 
Such  are  the  pendulums  the  oscillations  of 
which  control  the  motion  of  clocks. 

In  such  a  system,  what  is  understood  by 
the  length  of  the  pendulum  is  not  the  distance 
from  the  jwint  of  suspension  to  the  lower  ex- 
tremity of  the  heavy  body,  but  the  approximate 
distance  between  this  point  and  the  centre 
of  figure  of  the  ball,  when  the  rod  of  the  pen- 
dulum is  thin  and  the  ball  is  made  of  very 
dense  metal — ^platinum,  for  example.  This  last 
point  then  takes  the  name  of  centi-e  of  oscillation. 
We  will  show  the  reason  for  this  fundamental 
distinction. 

In   a  simple   pendulum   there  is   only  con- 
sidered to  1k5  one  material  point;  in  the  com- 
pound i>endulum  their  number,  whether  in  the 
rod  or   in   the  ball,   is  infinite.     It   is   as   if    there   were   a   series 
of    simple   iHjndulums   of    different    lengths    eonipell(»d    to   execute 
their  movements  torrether.     Their  most  dii^tant  particles  find  their 
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movement  accelerated;  contrariwise,  it  is  retarded  \\\  the  case  of 
those  nearest  the  point  of  suspension.  Between  these  extremes 
there  is  one  particle,  the  duration  of  wliose  oscillations  is  precisely 
equal  to  those  of  a  simple  pendulum  of  equal  length.  Calcula- 
tion makes  us  acquainted  with  the  positions  of  this  particle — that 
is  to  say,  the  point  which  we  have  just  termed  the  centre  of 
oscillation. 

Let  us  now  try  t<3  understand  how  it  is  possible,  by  means 
of  pendulum  observations,  to  solve  several  important  questions 
which  deal  with  the  form  of  our  planet  and  its  physical 
constitution. 

The  periods  of  the  small  oscillations  of  a  pendulimi  depend  upon 
its  length,  according  to  the  law  we  have  just  stated.  But  these  two 
elements  also  depend  on  the  intensity  of  the  force  of  gravity  in 
the  locality  where  the  oscillations  are  performed.  Hence  it  follows 
that,  if  we  observe  with  great  precision  the  number  of  oscillations 
that  a  pendulum — the  length  of  which  is  known  with  rigorous 
exactness —executes  in  a  sidereal  day,  we  shall  be  able  to  calcu- 
late the  precise  duration  of  a  single  oscillation,  and  thence  deduce 
the  intensity  of  the  force  of  gravity — that  is  to  say,  twice  the 
space  which  a  heavy  body  falling  in  vacxto  passes  through  in  a 
eecond.  This  intensity  is,  in  fact,  connected  with  the  length  of 
the  pendulum  and  the  period  of  its  oscillation. 

It  is  by  this  method  that  the  value  was  found  which  has  been 
already  given  for  the  latitude  of  Paris — 9*8094  metres. 

This  determination  once  obtained,  it  is  possible  to  obtain  by 
calculation  the  length  of  the  pendulum  which  beats  seconds.  This 
length  is  at  Paris  0994  metre,  at  London  3  2616  feet.  Now  let  us 
imagine  that  an  observer  travels  from  the  equator  to  either  pole. 
As  the  earth  is  not  spherical,  the  distauce  of  the  observer  from  the 
centre  of  the  earth  will  vary.  Greatest  at  the  equator,  it  will  pro- 
gressively diminish,  will  pass  through  a  mean  value,  and  will  be 
the  smallest  possible  at  the  poles  themselves.  Now,  for  this  reason 
alone,  the  energy  of  the  action  of  gravity  in  these  different  places 
must  decrease  from  the  poles  to  the  equator.  Another  influence 
will  also  contribute  to  diminish  the  intensity  of  this  force — that 
is,  the  rotation  of  the  earth,  the  velocity  of  which,  being  7iil  at 
the  two  poles,  progressively  increases  with  the  latitude,  developing 
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at   tdi*.!!   yj.n'.    a   :.'-'-Js',*:r   '.■^;;:r:iuL'&!   fv-iw.   wLicL   l>an]r   tt-nntei- 
ImLiuc^'-  tli-r  Ji.ii'.ii  ',f  Wrur'i'rlil  :.-ti>v:tt.- 

Fur  th^be  tuo  r^ii'.-r.f.  :];■:  ini-iiiiry  of  The  fctree  of  graviir  wili 
vary  in  '3!)i<rr*-iit  Jaritudir?.  How-  will  our  ol»s*n-*rr  j*rc*;ve  it  ?  By 
«l«*Tviii;!  tin;  M^^-ijIation»  of  th»:  i^ritdulTiin.  irliifL  fumisht*  tis  wi-Ai 
Iwu  flilfvit-ut  IjKt  •r'lUJilly  <roD'.iu-ivf  luetL'^ls.  Tlie  fir^l  me:b->l 
Mrtinint-i  ill  «iij}>l''}iii:.'  a  ptii-Juluui  of  inramUe  len^nh;  the  rL*ii 
«u<l  the  Ifjlt,  ty>I<J':re']  t'^^'ctlicr.  an  fixi^d  to  the  kiiife-ed^  in  a 
IMiruiaiit^iit  ii]aitii>:r.  Sach  a  pt-nduluiii,  ha^'iD*  a  constant  l^n^li, 
or  at  I'fi'^t  only  van  iri;j  with  changes  of  teinpeianire,  will  oscillai*- 
murn  raiiidly  ais  tli*:  force  of  -.Tavity  is  incnsised :  so  that,  iu  goiuj: 
Iroiu  the  pole-)  t'^  the  eijuator,  the  number  of  osc-illatinm?  in  a  mt-au 


«liiy  will  he  btiiiiller  aiiii  stnuller.  Thus,  a  {wiidulutn  a  metre  in 
hriiuth,  whi'Ii  at  Paris  ninkes  in  varuo  8(i,]:i7  oscillations  in  twenty- 
fniir  hmirn,  if  carrieii  t(»  the  i>oles  would  make  H6,li4"2,  and  at  the 
iijiiator  would  only  make  in  the  same  time  t:tli,(ll7  vihrations. 

The  oth<;r  method  in  to  set  a  |>eiidiiliiiii  in  motion,  to  measure 
with  the  ^Teateitt  care  the  Hunil>er  of  its  vibrations,  and  also  ita 
length  at  Ihi-  time  of  the  exjicrimont ;  then  to  deduce  the  length 
of  a  Hiiiijih-  |ii'iiilii]iiiii  heating  sei-oads  at  the  same  station.     The 

■  Till-  ii'til ririi;:iil  f-irn'  in  ri-iiili-n-il  iiiiiiiiA'nt  in  pbyHlnil  lerriircs  bj  the  aid  of  an 
n|i|MririiK  hIi'imh  in  h'i;;.  111.  <'in.-li-H  of  Htcel  ra|iiilly  tiiniiii|;  nii  an  axit  tsiVe  the 
('•imi  iif  flliiio'H  tlitli-iii-'l  111  llii'  cxtrL-iiiity  of  the  axiK,  (be  HiittenJng  bcinf;  more 
nin»iiIiTal.lu  ii»  till-  iflmilj  'if  mlatifin  is  flTeattT. 
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lengths  of  the  pendulums  beating  seconds  in  different  places, 
compared  with  each  other,  enable  us  to  calculate  the  ratios  which 
exist  between  the  intensity  of  the  force  of  gravity  at  those 
places. 

We  possess  a  great  number  of  observations,  made  by  one  or  other 
of  the  two  methods  in  various  regions  of 
the  two  Jiemisphcres,  from  the  seven- 
teenth century  to  the  present  time. 
The  most  illustrious  men  have  asso- 
ciated their  names  with  these  investiga- 
tions, which  are  of  such  importance  to  the 
physics  of  the  globe. 

We  give  here  (Figs.  17  and  18)  a 
sketch  of  the  pendulum  employed  by 
Uorda,  bo  well  known  for  the  accuracy 
ui  his  researches.  This  is  the  [)endulum 
which  was  used  in  the  observations  made 
at  Paris,  Bordeaux,  and  Dunkirk,  by 
Messrs.  Biot  and  Mathieu. 

Borda's  pendulum  was  formed  of  a 
ball  of  platinum,  suspended  by  simple 
adherence,  and  by  the  aid  of  a  metal 
cap  lightly  covered  with  grease,  to  a  fine 
metallic  wire,  which  was  attached  at  its 
upper  extremity  to  a  knife-edge  similar 
to  that  which  supports  the  pendulum-rods 
of  clocks.  The  knife-edge  rested  on  two 
wcll-polislied  fixed  planes  of  hard  stone, 
the  position  of  which  was  perfectly  hori- 
zontal These  planes  were  themselves 
fixed  to  a  large  bar  of  iron  attached  to 
supports  fixed  in  a  solid  wall,  in  such  a 
manner  as  to  obtain  perfect  immobility. 

The  oscillations  were  counted  by  comparing  them  with  those  of 
the  pendulum  of  a  clock  placed  against  the  wall,  the  movement  of 
the  clock  being  regulated  by  the  stars.  By  the  help  of  a  telescope 
placed  at  a  distance  of  ten  metres,  the  successive  coincidences 
of  the  two  pendulum.?  were  obser\ed,  and  from  the  number  of  the 
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coincidences  and  the  number  of  seconds  elapsed  the  number  of 
OBcUlatioQg  was  deduced. 

This  ntiiiibt:r  )mviiig  l>een  tliiu   ascertained,  the  length  of  the 
peodulam  wiis  measured  by  operatious  of  the  greatest  delicacy,  ths 


details  of  which  cannot  be  given  here.    Tbey  will,  however, 
found  in  Vol.  11.  of  Itint's  "  riiyaical  Astronomy." 
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Having  stated  the  length  of  the  pendulums  beating  seconds  at 
Paris  and  London,  we  will  now  give  the  length  which  calculation 
and  observation  have  determined  for  similar  pendulums  located  at 
the  poles,  equator,  and  at  a  mean  latitude  of  forty-five  degrees; 
the  intensity  of  the  force  of  gravity  in  these  different  places — that 
is  to  say,  the  number  of  metres  indicating  the  velocity  acquired  in 
a  second  by  heavy  bodies  falling  in  vacuo — is  also  shown. 

Length  of  the  Intensity  of  the 

seconds  pendulum.  force  of  gravity. 

mm.  m. 

At  the  equator 991-03  9*78103 

At  the  latitude  of  45  degrees     .     993*52  9*80606 

At  the  poles 996*19  9*83109 

It  must  not  be  forgotten  that  the  variation  of  the  force  of 
gravity  in  different  parts  of  the  earth  depends,  as  we  have  before 
said,  both  on  the  form  of  the  globe — which  is  not  spherical,  but 
ellipsoidal — and  on  tlie  centrifugal  force  engendered  by  the  velocity 
of  rotation.  The  force  diminishes  therefore  from  the  poles  to  the 
equator  more  than  it  would  do  without  this  rotation.  But  we  know 
what  proportion  must  be  attributed  to  each  of  these  causes  in  the 
phenomena  observed.  By  the  aid  of  pendulum  observations  it  has 
been  found  possible  to  calculate  the  flattening  of  the  earth,  and  to 
demonstrate  in  this  manner  the  results  of  geodetic  operations,  as 
well  as  Clairaut's  hypothesis  on  the  increasing  densities  of  the 
interior  strata  from  the  surface  to  the  centre. 

By  careful  comparisons  of  pendulum  oscillations,  executed  in 
difTerent  regions  of  the  globe,  it  has  been  found  that  they  sometimes 
indicate  a  force  of  attraction  much  greater  than  that  given  by  calcu- 
lation ;  while  in  other  regions  the  intensity  is,  on  the  contrary,  more 
feeble  than  the  elliptical  form  of  the  earth  would  require.  As  the 
excess  of  the  action  of  gravity  has  been  observed  especially  in 
islands  situated  in  the  open  sea,  whilst  the  opposite  is  found  to  be 
the  case  on  the  coast,  or  in  the  interior,  of  continents,  it  has  been 
concluded  that  the  water-level  is  somewhat  depressed  in  the  middle 
of  the  ocean,  and  that  it  rises  in  the  vicinity  of  large  extents  of  land.* 

Here,  then,  we  find  the  pendulum  indicating  inequalities  in  the 
curvature  of  the  terrestrial  spheroid. 

*  Saijjey,  **  Physitiue  du  Globe." 
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By  observing  the  dififereuce  of  length  of  the  pendulum  which 
beats  seconds  at  the  top  of  a  very  high  mountain  and  at  the  level 
of  the  sea  in  tlie  same  latitude,  the  density  of  the  globe  may  be 
arrived  at.  Another  similar  method  which  has  l)een  employed 
consists  in  observing  the  oscillations  of  the  pendulum  at  the 
sea-level  and  at  a  great  depth  in  the  interior,  or  at  the  sea- 
level  and  at  the  top  of  a  high  mountaia  The  present  Astronomer 
Boyal,  Sir  G.  B.  Airy,  made  some  experiments  in  the  Harton  mines, 
on  the  vibrations  of  two  {>endulums  placed,  one  at  the  surface,  the 
other  at  the  bottom  of  the  mine,  at  a  depth  of  420  yards.  The 
latter  moved  more  quickly  than  the  upper  pendulum,  and  its 
advance  of  two  seconds  and  a  quarter  in  twenty-four  hours  showed 
that  the  intensity  of  the  force  of  gravity  was  increased  from  the 
surface  of  the  earth  to  the  bottom  of  tlie  mine  by  about  ..iy^th 
part  of  its  value. 

This  result  proves  that  the  density  of  the  terrestrial  strata 
increases  from  the  surface  towards  the  centre;  since,  if  it  were 
otherwise,  the  attraction  due  to  the  interior  nucleus  would  diminish 
with  depth,  and  the  oscillations  of  the  pendulum  would  be  more 
and  more  slow,  which  is  contrary  to  the  fact.  The  density  of  the 
strata  comprised  between  the  surface  and  the  bottom  of  the  mine 
being  known,  and  the  connection  between  this  density  and  that  of 
the  nucleus  being  deduced  from  the  acceleration  observed,  the  mean 
density  'of  the  terrestrial  globe  may  be  calculated.  The  same 
research  has  Ijeen  pursued  by  other  methods,  and  has  given  slightly 
different  results— a  fact  not  at  all  astonishing  in  a  i)roblem  of  such 
delicacy. 

To  sum  up:  the  terrestrial  globe  is  acknowledged  to  wei«»h 
nearly  five  and  a  half  times  more  than  an  equal  volume  of  water. 
It  is  also  proved,  as  we  have  already  had  occasion  to  state,  that  the 
density  of  the  concentric  stmta  of  which  the  earth  is  formed  con- 
tinues to  increase  from  the  surface  towards  the  centra  Physicists 
agree  in  giving — as  a  result  of  considemlions  which  cannot  find 
place  here — for  the  density  of  the  central  strata,  a  value  double  the 
mean  density,  which  itself  is  nearly  double  that  of  the  superficial 
strata. 
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ClIArTER  V. 

\VEIGHT     OF     BODIES— EQUILIBRIUM     OF     HEAVY     BODIES — CENTRE     OF 

GRAVITY — THE    BALANCE. 


DLitinction  between  the  weight  of  a  body  and  its  mass — Loss  of  weight  which  a 
body  undergoes  when  it  is  taken  from  the  poles  to  the  equator — Centre  of 
gravity  in  bodies  of  geometric  fonn  ;  in  bodies  of  irregular  form — The  Balance  ; 
conditions  of  accuracy  and  sensibility — Balance  of  precision — Method  of  double 
weighing — Specific  gravity  and  density  of  bodies. 


**0n  prcciaioii  in  measures  and  weights  dej»end8  the  progress  of  chemistry,  physiea,  and  physiology. 
Mcaanreif  and  weighta  are  the  inflexible  judges  jilaccd  above  all  opinions  which  are  only  supported  by 
Imperfect  obacrvations."— J,  Mole8C'hutt,  La  Circulation  de  la  Vie :  IndeMtructihiliU  de  la  AtatUre. 


/^  RAVITY  acts  in  the  same  manner  on  all  bodies,  whatever  their 
^^     form  or  size,  or  whatever  the  nature  of  their  substance.     This 
follows  from  the  equal  velocity  w^liich  all  bodies  acquire  in  falling 
from  the  same  height  and  in  the  same 
place.     A  heavy   body,  then,   may   be 
considered    as    the    aggregation    of    a 
multitude    of  material  particles,  each 
of  which  is  acted  on  individually  by 
gravity  (Fig.  10). 

All  these  ecjual  forces  are  parallel, 
and  thus  produce  the  same  effect  as 
a  single  force  equal  to  their  sum.  It 
is  this  resultant  of  all  the  actions  of 
gravity  which  forms  the  nicvjht  of  the 
body.  The  point  where  it  is  applied, 
and  which  is  called  its  centre  of  (fravity^ 
is  that  which  must  be  supported,  in 
any  position  of  the  body,  in  order  that  the  latter  may  remain  in 


+ 
1* 


Fk;.  10— Weight  of  a  iMwIy 
01  gravity. 


centre 
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equilibrium.     The  centre  of  gravity  is  not  always  situated  in  the 
interior  of  the  bcxly:  in  some  cases  it  falls  outside  it. 

Although  for  simplicity's  sake  we  used  the  word  weight  in  the 
first  chapter  as  a  synonym  for  gravity,  the  force  of  gravity  must  not 
be  confounded  with  weight :  and  it  is  also  important  to  distinguish 
weight  from  mass.  Mass,  sometimes,  is  described  as  the  quantity 
of  matter  whicli  a  body  contains :  but  this  definition  is  vague,  and 
does  not  express  the  difference  which  exists  between  the  two  terms. 
An  example  will  explain  the  precise  sense  which  is  given  to  this 
word  in  physical  in(|uiries. 

Let  us  take  a  heavy  body — a  piece  of  iron,  for  example.  To 
determine  its  weight,  let  us  suspend  it  to  a  spring,  or  dynamometer 
(see  Fig.  1),  such  that  its  degree  of  tension  will  show  the  intensity  of 
the  action  of  gravity  on  the  body.  Let  as  notice  the  divided  scale — 
the  exact  point  where  the  upper  branch  of  this  instrument  stops ; 
and  let  us  suppose  that  this  first  observation  is  made  in  the  latitude 
of  Paris,  for  instance. 

Now  transport  the  piece  of  iron  and  the  dynamometer  either 
to  the  equator  or  towards  the  poles.  The  intensity  of  the  force  of 
gravity  is  no  longer  the  same :  the  spring  will  be  less  extended  in 
one  case,  and  more  so  in  the  other.  The  weight,  as  we  ought  to 
expect,  after  what  we  know  of  the  variations  of  the  force  of  gravity, 
has  changed.  And  nevertheless  we  are  dealing  with  the  same 
quantity  of  matter:  it  is  the  same  mass  which,  in  the  three  cases, 
has  been  used  for  the  experiment. 

Thus,  then,  the  quantity  of  matter — the  mass — remaining  the 
same,  the  weight  varies,  and  in  the  same  ratio  as  the  intensity  of  the 
action  of  gravity  varies ;  so  that  that  which  remains  constant  is  the 
ratio,  which  should,  for  this  reason,  serve  as  a  definition  for  the  mass. 
This  variation  in  the  weight  of  bodies  when  they  are  transported 
from  one  jilace  to  another  in  a  different  latitude  would  equally  take 
place  if  the  bodies  were  to  change  their  altitude:  that  is,  if  their 
height  above  or  below  the  sea-level  were  to  be  changed,  their 
masses  remaining  always  constant.  But  this  change  we  shall  not 
be  able  to  prove  by  the  aid  of  balances,  because  in  these  instruments 
equilibrium  is  i)roduced  by  bodies  of  equal  weight :  and  the  variation 
in  question  will  take  jilace  both  in  the  weight  to  be  measured  and 
in  the  weight  which  is  used  as  a  measure. 
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Calculation  shovra  that  a  mass  weighing  oae  kilograniine,  or 
1,000  graiuraes,  at  Paris,  would  not  weigh  more  than  997108  gr.  at 
the  equator.  The  same  weight  taken  to  either  pole  would  exercise  on 
a  dynamometer  the  same  tension  as  a  weight  of  1000221  gr.  at  Paris, 

Let  ufl  now  return  to  the  centre  of  gravity.  It  may  be  interest- 
ing, and  moreover  it  is  often  useful,  to  know  the  position  of  the 
point  which,  when  fixed  or  supported,  keeps  the  body  in  equilibrium 
when  it  is  subjected  to  the  action  of  gravity  only.  When  the  matter 
of  which  the  body  is  composed  is  perfectly  homogeneous,  and  when 
its  form  is  symmetrical  or  regular,  the  determination  of  the  centre 
of  gravity  is  purely  a  geometrical  affair.  Let  us  take  the  most 
ordinary  cases. 


A  heavy  straight  bar  hiis  its  centre  of  gravity  iit  its  point  of 
bisection.  In  reality,  the  material  bar  is  prismatic  or  cylindrical, 
but  in  the  case  where  the  thickness  is  very  small  in  comparison 
with  its  length  we  may  neglect  it  without  inconvenience.  The  same 
remark  is  applicable  to  very  thin  surfaces,  and  they  are  considered  as 
plane  or  curved  figures  without  thickness.  Tlie  square,  rectangle, 
and  pandlelogram  have  their  centre  of  gra\it.y  at  the  intersection  of 
their  diagonals  (Fig.  20).  The  triangle  has  it  at  the  point  of  inter- 
section of  the  lines  which  fall  from  the  summit  of  each  angle  on 
to  the  middle  of  the  opposite  side, — that  is  to  say,  at  one-third  the 
distance  of  the  apex  from  the  base,  measured  along  these  lines.  If 
these  surfaces  were  reduficd  to  their  exterior  contours,  the  position  of 
the  centre  of  gravity  would  not  be  changed. 
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Tlie  centre  of  figure  of  a  circle,  a  circular  ring,  or  of  au  ellipse, 
is  also  its  centre  of  gravity.  Riglit  or  ol>lique  cylinders,  regular 
prisms,  and  pflrallelo|>i]>eds  (Fig.  21)  have  their  centres  of  gravity 


■«^--.?^ 


at  the  miiMIe  point  of  their  axes.  That  of  the  sphere,  and  the 
ellipsoid  of  revolution,  is  at  its  centre  of  figure  (Fig.  22).  To  find 
that  of  a  pyramid,  or  a  riglit  or  ohli<iue  cone,  a  line  must  be  drawn 


from  tin;  vt-rlex  to  the  <%iiti-e  of  jiravity  of  tin.-  polygonal  hasp,  ami 
tlie  centre  lifs  one-fourth  the  distance  of  tlic  vertex  from  the  Im-He 
along  this  liiit.'. 

Tin;    iiUive    is    for    hiimogen.jons    hndien    of    .'(.nuiptriinl     furiii. 
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But,  more  often,  the  form  is  either  irregular,  or  the  material  of 
the  body  is  not  equally  dense  in  all  its  parts.  In  such  cases,  the 
determination  of  the  centre  of  gravity  is  found  by  experiment. 
A  simple  means  of  finding  it  consists  in  suspending  the  body  by 
a  string.  Once  in  equilibrium,  the  centre  of  gravity  will  lie  along 
the  prolongation  of  the  string,  the  direction  of  which  is  then  vertical. 
A  second  determination  must  then  be  made  by  suspending  the  body 
by  another  of  its  points;  this  furnishes  a  new  line,  in  which  the 
centre  of  gravity  lies.  The  intersection  of  these  two  lines,  then, 
gives  the  centre  of  gravity  (Fig.  23),  which  may  be  sometimes 
inside,  sometimes  outside  the  heavy  body. 

The  definition  of  the  centre  of  gravity  indicates  that,  when  this 
point  is  suppoited  or  fixed,  provided 
that  all  the  material  points  of  which 
the  body  is  composed  be  united,  equi- 
librium is  secured.  But  this  condition 
is  difficult  to  fulfil,  as  very  often  the 
centre  of  gravity  is  an  interior  point, 
by  which  the  body  cannot  be  directly 
fixed  or  supported. 

If  the  suspension  is  made  by  a  string 
or  flexible  cord,  equilibrium  will  esta- 
blish itself;  the  centre  of  gravity  will 
then  be  on  the  vertical  line  passing 
through  the  point  of  suspension.  If, 
when  this  position  is  obtained,  the  body 
is  disturbed,  it  will  form  a  compound 
pendulum,  and  will  execute  a  certain  number  of  oscillations  and 
will  again  come  to  rest.  This  is  what  is  called  stahle  equilibrium y 
and  it  is  an  essential  condition  of  this  kind  of  equilibrium  that 
the  position  of  the  centre  of  gravity  be  lower  than  the  point  of 
suspension,  so  that  when  the  body  is  disturbed  the  centre  of 
gravity  rises. 

In  general,  in  order  that  a  heavy  body  be  in  e([uilibrium  under 
the  action  of  gravity,  it  is  necessary  and  sufficient  that  its  centre  of 
gravity  be  in  the  vertical  line  passing  through  the  i)oint  of  support 
if  this  point  is  above  it,  or  witliin  the  area  of  the  plane  of  support  if 
the  fixed  points  are  more  or  less  numerous.     Figs.  24  and  25  give 
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Fio.  23.— Experimental  deteriniimtion  j)f 
the  centre  of  gravity  i»f  u  l^xly  of 
irregular  form  or  uon-itomogeueoiis 
tttructure. 
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examples  of  tliU.  The  Leaning  Towers  of  Bologna  and  Piaa  (Fig.  3 
represents  the  second  of  these  structures)  are  singular  cases  in  which 
the  equilibrium  is  preserved,  owing  to  the  circumstauce  that  the 


vt  a  limly  iiuli)iiitt«l  nn  >  rlnm 


centre  of  gravity  of  tlic  edifice  is  in  the  vertical  line  falling  within 
the  base.  But  it  is  to  be  understood  that  llie  materials  of  which 
these  towers  are  built  are  cemented  togotiier  in  such  a  manner,  that 


.nr 


each  of  them  cannot  separately  obey  the  force  which  would  cause 
its  fall. 

The  water-carrier  and  porter,  representcti  in  Fig.  20,  take  posi- 
tions inclined  citlier  to  the  side  or  the  front,  so  that  the  centre 
of  gravity  of  their  botlies  and  the  load  wliicli  they  sustain,  taken 
tiigether,  is  in  a  vertical  line  falling  within  the  tiase  formed  by  their 
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feet  The  same  conditiou  is  fulfilled  by  the  cart  (Fig.  27),  which 
travels  transversely  along  an  inclined  road :  it  remains  in  equilibrium 
while  the  centre  of  gravity  remains  vertically  above  the  base  com- 
prised between  the  points  where  the  wheels  touch  the  ground.     It 


quIUbrluDi  111  iicniuii>  cnnrlutt  hwLi. 


would  upset  if  this  were  not  so,  either  from  too  great  an  inclination 
of  the  road,  or  from  a  too  rapid  movement  impressed  on  the  vehicle 
and  its  centre  of  gravity. 


WTien  a  body  is  supported  by  a  horizontal  axis,  around  whicli  it 
can  turn  freely,  its  equilibrium  may  be  either  daUe,  neutral  or 
uneluiU.     It  is  stable,  if  the  centre  of  gravity  is  below  the  axis ; 


52  PHYSICAL  PUHyOMEyA.  (»x.k  i. 

n^nr.nl,  if  'hi-i  ':^ntre  i^  un  the  axu  it^lf :  an'i  unaiabl^.  if  the  centre 
'.f  zT»vir.y  w  alxive  th*r  axii.     Yi'^.  'IH  iamsh^  an  example  of  each 

T'»  deteiiiiine  the  centre  of  [gravity  of  one  or  more  hea^y  l»Iiea 
u  a  problem  which  freifUently  liads  uutaeioua  applk-ation.':  in  various 
iofiinXnA  xn*.     But  another  qiieatiou,  no  less  Interesting  anJ  useful. 


iU14e  c^oilibfiDid- 


is  to  (leteniiinc  that  resultant  of  which  the  centre  of  gravity  is  the 
p«>int  of  applii^tiou,  or,  to  use  the  common  expreasiou,  to  wei^'h 
bodies. 

The  instruments  destined  to  this  use  have  received  the  name  of 
Balancef,  or  Scales.  The  ]>alances  used  are  very'  varied  in  their  forms 
and  in  thinr  in<'jde  of  construction,  and  we  shall  des^^ribe  them  in 
detail  when  we  treat  of  the  applications  of  physics.  Here  we  sliall 
eontine  ourselves  to  the  description  of  the  delicate  balances  used 
in  scientific  researches  oidy. 

The  principle  on  which  their  construction  is  based  is  this: — 
A  lever,  a  rigid,  inflexible  bar,  resting  at  its  centre  on  a  fixed 
jMtint,  on  which  it  can  freely  oscillate,  is  in  equilibrium  when 
two  e<|ual  forces  are  applied  to  each  of  its  two  extremities. 

To  make  a  lever  of  this  kind  ser\'c  as  a  balance,  it  is  indis- 
]K:nsiible  that  cerluin  conditions,  of  which  we  are  about  to  speak, 
lie  attcndird  to  in  it.s  i-onslruction. 

It  is  ni;'i-sury,  lirst,  that  the  two  arms  of  the  lever  or  beam 
\o,  uB,  Im;  of  e'pial  lon;jth  and  of  the  same  density,  in  order  to 
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Fiu.  21).— Scales. 


produce  equilibrium  by  themselves.  The  two  scales,  in  one  of  which 
is  placed  the  standard  weight,  in  the  other  the  body  to  be  weighed, 
ought  also  to  be  of  exactly  the  same  weight 

In  the  second  place,  the  centre  of  gravity  of  the  system  ought 
to  be  below  the  point  or  axis  of 
suspension,  and  very  near  to  this 
axis.  It  follows  from  this  second 
condition,  that  the  equilibrium 
will  be  stable,  and  that  the  oscil- 
lations of  the  beam  will  always 
tend  to  bring  it  back  to  a  hori- 
zontal position,  w^hich  is  the  in- 
dication of  the  equality  of  weight 
of  the  bodies  placed  in  the  two 
scales. 

These  two  conditions  are  neccs 
sary,   in   order  tliat   the   balance 
be  exact ;  but  they  are  not   suf- 
ficient to    make    it    sensitive   or 
delicate — that  is,  to  cause  it  to  indicate  the  slightest  inequality  in 
the  weights  by  an  unmistakeable  inclination  of  the  beam. 

In  order  that  a  balance  be  very  exact  and  delicate,  it  is  further 
necessary:  1st.  That  the  point,  or  axis  of  suspension,  of  the  beam 
and  of  the  two  scales  should  be  in  the  same  right  line.  In  this 
case,  the  sensibility  is  independent  of  the  weights  on  the  scales. 
2d.  That  the  beam  be  of  a  great  length,  and  as  light  as  possible ; 
then  the  amplitude  of  the  oscillations  is  greater  for  a  given  inequality 
of  the  weights;  this  is  the  reason  which  necessitates  the  centre  of 
gravity  of  the  balance  being  very  near  the  axis  of  suspension  of  the 
beam,  without,  however,  absolutely  coinciding  with  it.  Let  us  now 
show  how  these  conditions  are  realized  in  the  delicate  balances  used 
by 'physicists  and  chemists. 

The  beam  is  made  of  a  lozenge  shape,  formed  out  of  a  metal  plate 
of  steel  or  bronze,  and  cut  away  in  such  a  way  as  to  diminish  its  weight 
without  increasing  its  flexibility.  Through  its  centre  passes  a  steel 
knife-edge,  the  horizontal  edge  of  which  forms  the  fulcrum  of  the 
beam.  This  edge  rests  on  a  hard  and  polished  plane — of  agate,  for 
example.     The  two  extremities  of  the  beam  carry  two  other  very 
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flniall  kiiifc-c(I}{(^H,  wliicli,  being  horizontal  aud  parallel  to  those 
of  the  princii>ul  one,  su|i|)ort  moveable  steel  plates,  to  which  are 
attached  the  rodn  which  hold  the  cup3  or  scales. 

The  three  edges  which  we  have  described  nnist  l)e  placed  exactly 
in  the  same  plane,  and  their  distances  from  each  other  must  he 
perfectly  eiiiial.  In  tlie  middle  and  above  the  beam,  two  buttons 
arc  fixed,  one  above  the  other,  one  of  which  is  niade  like  a  nut, 
so  that  it  can  be  screwed  up  or  down  at  wilL  It  is  used  to 
raise  or  lower  the  centre  of  gravity  of  tlie  balance  in  such 
II   way  us   to  bring  it  nearer  to  or  further  away  from  the  axis  of 


fiU8i>ension,  and  thus  give  to  the  balance  the  degree  of  sensibility 
required. 

Above  and  in  front  of  the  middle  knife-ed},'e,  the  beam  carriee  a 
long  metallic  rod  or  needle,  which  oscillates  with  it,  and  its  position 
is  exactly  vertical  when  tlic  jilanc,  fonncd  by  the  three  axes  of  sus- 
pcnsiou,  is  horizontal,  Tlie  lower  cxtnmiity  of  this  needle  moves 
over  an  ivory  nrc,  the  zito  division  of  which  corresponds  to  this 
last  position,  and  determines  it.  f>n  either  side  of  zero,  equal 
divisions  indii-nti;  the  amplitudes  of  the  oscillations  of  the  needle : 
if  these  umpliludu^  !«  cquid  on  each  sidv,  we  are  assured  of  the 
lion//)ntality  of  tin.-  U-nni  ami  of  the  e(|uality  of  the  weights  in  the 
scuhs. 


THE  BALANCE. 


A  balance  thus  constructed  should  be  placed  ou  a  firm  plaue; 
and  by  the  iise  of  the  elevating  screws  placed  at  the  foot  of  the 
instrument,  and  by  observing  the  needle,  its  position  must  be  made 
exactly  horizontal  before  beginning  work.  To  avoid  the  iufluence 
of  currents  of  air  and  the  deterioration  proceeding  from  dampness  or 
other  atmospheric  agents,  the  balance  is  abo  enclosed  iu  a  glass  case, 
which  is  shut  during  the  weighing,  and  is  only  opened  to  insert  or 


^ 


remove  the  weights  and  the  substances  to  be  weighed.  Chloride  of 
calcium  is  also  placed  in  the  case  to  absorb  the  moisture.  Moreover, 
when  the  apparatus  is  not  in  use,  a  metallic  fork  is  made  to  raise 
the  beam  by  means  of  rackwork  enclosed  in  the  column,  so  that 
the  knife-edges  may  keep  their  sharp  edges,  which,  without  this 
precaution,  the  pressure  would  in  time  render  dull. 


56  PHYSICAL  PHENOMENA.  [book  i. 


We  now  see  with  what  precision  the  conditions  of  exactitude 
of  a  balance  destined  to  scientific  uses,  such  as  the  instrument  just 
described,  are  realized.  Tliis  precision  is  indispensable  in  the 
delicate  determinations  required  in  physical  researches  and  modern 
chemistry,  l^ut  they  do  not  suffice:  the  operator  must  also  add 
the  ability  which  experience  produces,  and  precautions  on  which 
we  cannot  enter. 

It  is  unnecessary  to  state  that  the  precision  of  the  balance  would 
be  completely  useless  if  the  weights  were  not  themselves  rigorously 
exact.  Sometimes,  besides  the  series  of  mean  weights,  the  operator 
possesses  another  series  of  small  weights,  which  he  has  carefully 
constructed  himself,  of  very  fine  platinum  wire,  which  he  uses  for 
weighta  lower  than  a  gramme,  as  decigrammes,  centigrammes,  and 
milligrammes. 

At  the  present  time,  balances  are  made  delicate  enough  to  detect 
a  milligramme  ('0154  grain)  when  each  scale  is  charged  with  five 
kilogrammes  (13'39  lb.).  In  the  balances  used  in  chemical  analysis, 
tenths  of  milligrammes  (00154  grain)  even  are  weighed;  but  then 
the  total  charge  must  be  very  small,  two  grammes  for  example. 

Physicists  frequently  employ  the  method  of  double  weighing,  to 
remedy  any  ine(|uality  in  the  arms  of  the  beam.  They  place 
the  body  to  be  weighed  in  one  of  the  scales,  and  then  establish  equi- 
librium by  putting  in  the  other  scale  an  ordinary  tare  formed  of 
leaden  shot.  In  this  state,  if  the  arms  be  not  exactly  the  same 
length,  the  apparent  equilibrium  does  not  prove  the  equality  of  the 
M-eights.  But  if,  on  removing  the  body,  it  is  replaced  by  weights 
graduated  until  (jquilibriuni  be  again  established,  it  is  easily  under- 
8ttH)d  that  these  weights  exactly  rei)resent  the  weight  sought  fi)r, 
since  they  produri*  the  same  efloitt  as  the  IxmIv  itself  does  under  the 
same  conditions. 

It  will  be  seen  further  on,  that  the  weight  of  a  body  is  modified 
by  the  medium  in  wliich  it  is  weighed,  so  that  it  is  lessened  by  the 
weight  of  the  fluid  which  it  displaces.  On  the  other  hand,  its  volume 
varies  with  the  temperature,  and  consequently  the  same  body  does 
not  always  displace  the  same  (juantity  of  fluid  ;  hence  the  necessity 
i»f  taking  account  of  these  elements  of  variation,  unless  the  pre- 
wiution  is  taken  of  weighing  in  a  space  V(M<1  (►f  air — that  is  to  say, 
ia  vacuo . 
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The  unit  of  weight  generally  adopted  by  scientific  men  of  all 
countries  is  that  of  the  metric  system  of  weights  and  measures — 
the  kilogramme. 

A  cubic  decimetre  of  distilled  water,  weighed  in  vacuo  at  the 
temperature  of  four  degrees  centigrade  above  its  freezing-point, 
in  the  latitude  of  forty-five  degrees,  and  at  the  level  of  the  sea, 
weighs  one  kilogramme.  Such  is  the  exact  definition  of  the  unit 
of  weight.  It  must  not  be  forgotten  that,  if  the  weight  varies  with 
the  latitude  and  with  the  height  above  the  level  of  the  sea,  the 
variation  does  not  manifest  itself  in  a  balance,  because  it  affects  in 
the  same  manner  the  weights  placed  in  both  scales.  These  causes 
of  error  may,  therefore,  be  neglected  when  the  balance  is  employed. 

We  may  state  also,  in  bringing  this  chapter  to  a  close,  what  is 
understood  by  specific  gravity  and  density :  further  on,  we  shall  see 
how  the  values  in  question  are  experimentally  determined.  Equal 
volumes  of  different  substances  have  not  the  same  tveight;  a  block 
of  stone  weighs  more  than  a  piece  of  wood,  and  less  than  a  piece 
of  iron,  of  the  same  dimensions:  this  is  a  fact  easily  proved,  and 
known  by  every  one.  Let  us  suppose  that  we  take,  as  the  unit 
of  volume  of  each,  the  cubic  decimetre  for  instance,  and  weigh 
them  all  at  a  constant  temperature,  the  values  obtained  will  be  what 
are  called  the  absolute  weights  of  these  substances. 

The  absolute  weights  would  vary,  if  the  unit  of  weight  were 
changed,  but  their  relations  would  remain  invariable.  It  is  then 
usual  to  take  one  of  them  for  unity :  the  weight  of  water  is  thus 
chosen,  because  water  is  a  substance  spread  all  over  the  earth,  and 
it  is  easily  procured  in  a  state  of  purity.  The  weight  thus  expressed 
is  called  rdative  or  s/tnijic  weight,  or  specific  gi'avity. 

In  making  similar  comparisons  between  the  masses  of  different 
substances  with  a  unit  of  volume,  we  determine  also  what  is 
called  the  relative  density  of  substances.  As  the  numbers  thus 
obtained  are  precisely  the  same  as  the  specific  gravity,  it  often 
happens  that  they  are  confounded  one  with  the  other,  under  tbe 
common  denomination  of  density,  which  is  clearly  an  error. 
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CHAPTER   VI. 

WEIGHT     OF     LIQUIDS. — PHENOMENA     AND     LAWS      OF     EQUILIBRIUM  : 

HYDROSTATICS. 

Difference  of  constitution  of  solids  and  liquids  ;  molecular  cohesion — Flowing  of 
pulverulent  masses — Mobility  of  the  molecules  of  liquid  bodies — Experiments 
of  the  Florentine  Academicians  ;  experiments  of  modem  philosophers — Pascal's 
law  of  equal  pressures — Horizontality  of  the  surface  of  a  liquid  in  equilibrio — 
Pressure  on  the  bottom  of  vessels;  pressures  normal  to  the  sides  ;  hydraulic 
screw — Hydrostatic  paradox  ;  Pasc^rs  bursting- cask — Equilibrium  of  super- 
posed liquids ;  communicating  vessels. 

"PHENOMENA  the  most  curious  and  the  most  worthy  of  attracting 
-*-  our  attention  are  daily  passing  before  our  eyes  without  our 
taking  any  notice  of  them,  much  less  considering  the  causes  which 
give  rise  to  them.  Such  are,  for  example,  the  different  appearances 
under  wliich  we  see  bodies,  sometimes  solid,  sometimes  liquid, 
sometimes  gaseous,  and  sometimes  passing  successively  through 
the  three  states.  In  what  does  ice  differ  from  water,  and  how 
does  tlie  latter  transform  itself  into  vapour  ?  What  difference  is 
there  between  the  arrangements  of  the  molecules  which  constitute 
these  three  forms  of  one  substance?  These  are  questions  of  very 
difficult  solution,  on  whicli  science  possesses  few  data,  which  we 
will  review  in  the  several  chapters  of  this  work.  We  will  now 
confine  ourselves  to  those  which  are  necessary  to  the  understanding 
of  the  phenomena  we  are  about  to  describe. 

That  which  distinguishes  a  solid  body  when  it  is  not  submitted 
to  mechanical  or  physical  forces  capable  of  breaking  it,  or  of 
making  it  pass  into  a  new  state,  is  its  constant  form.  Let  us  con- 
sider a  stone  or  a  i>iece  of  metal,  its  particles  are  so  solid  that  they 
keep  their  mutual  distances,  only  separating  from  each  other  under 
an  exterior  force,  more  or  less  strong.     It  follows  that  the  i)osition  of 
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the  centre  of  gravity  of  the  body  remains  invariable,  and  that  what- 
ever movement  a  stone  receives,  whether  it  is  thrown  into  the  air  or 
falls  under  the  action  of  gravity,  all  its  particles  will  participate  at 
the  same  time  and  in  the  same  manner  in  the  motion.  Cohesion  is 
the  force  which  thus  unites  the  different  molecules  of  a  body  one  to 
the  other. 

It  happens,  when  a  solid  body  is  reduced  to  very  fine  particles — to 
small  dust — that  this  cohesion  appears  to  be,  if  not  annulled,  at  least 
considerably  diminished.  Hence  it  is  that  it 
is  difficult  to  maintain  a  heap  of  sand  in  the 
form  of  a  high  cone :  the  grains  slip  one  over 
the  other,  and  their  movement  along  the  slope 
of  the  mass  is  somewhat  analogous  to  the  flow- 
ing of  a  liquid  on  an  incline.  This  analogy 
appears  still  more  striking  when  we  fill  a  vessel 
with  fine  powder,  and  make  a  hole  in  the 
bottom.  The  flow  resembles  that  of  a  liquid 
(Fig.  32),  but  in  appearance  only,  for  each 
grain,  however  small  it  be,  is  a  mass  which 
has  all  the  properties  of  a  solid  body,  and, 
indeed,  does  not  differ  from  one. 

What  then,  from  a  physical  point  of  view, 
is  the  special  characteristic  which  distinguishes 
liquids  from  solids  ? 

It  is  that,  whilst  in  the  latter  molecular  cohesion  is  strong  enough 
to  prevent  the  movement  of  its  different  particles,  in  liquids,  on  the 
contrary,  this  force  is  nothing,  or  nearly  nothing.  Hence  the  extreme 
mobility  of  their  particles,  which  slide  and  roll  one  over  the  other 
under  the  action  of  the  slightest  forca  In  consequence  of  this 
mobility,  a  liquid  mass  has  in  itself  no  definite  fonn ;  it  takes, 
when  in  equilibrium,  the  form  of  the  vessel  or  natural  basin  which 
contains  it,  the  walls  of  which  prevent  it  from  moving  under  the 
action  of  gravity. 

It  must  not  be  imagined  from  this  that  there  is  no  cohesion 
in  liquids.  When  a  liquid  mass  is  in  motion,  its  particles  do  indeed 
change  place,  but  they  are  not  isolated  or  separated,  as  happens 
in  the  case  of  sandy  matters:  the  distance  between  the  pailicles 
does  not  change,  and,  if  the  form  is  modified,  the  volume  remains 


Fig.  3*2.  — Flowing  of 
sand. 
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invariiililc.  Wlieii  a  »>liil  Ji^c  is  appliiil  to  the  surface  of  a  liijuiil 
wliicli  moistens  it  (Fig.  Z%),  it  re-quires  a  certain  elfurt  to  separate 
it  from  the  liquid,  and  the  liquid  stratum 
^^  which  the  disc  takes  with  it  shows  that 
,  _^i^w       ^^^  efTort  Wiis  uecessitated  by  the  force 

V  f"*^  which     united    the   liquid    molecules    to 

B|  each  oth'vr.     It  would  be  the  same  if  a 

rod  were  dipped  in  b  liquid  susceptible 
of  moisteniuf!  the  substance  of  which  the 
rod  is  formed.  On  drawing  it  out,  a 
drop  of  liquid  would  be  seen  suspended 
lu.ai'ul'i.     "'  "  at   the   end.     Lastly,  the   spherical   form 

which  dew-tirops,  when  deposited  on  leaves,  or  small  drops  of 
mercury  lying  on  a  solid  surface  (Figs.  34  and  35),  present,  is 
e.\plained  by  the  preponderance  of  the  molecular  cohesion  over  the 
action  of  gravity,  which  other- 
wise would  tend  to  spread  out  the 
small  liquid  masses  in  question 
over  the  surfaces  which  sustain 
them.  Nevertheless,  this  cohesion 
is  very  slight,  as  may  l)e  shown  by 
the  mobility  of  the  |)articles  and 
the  facility  with  which  the  cohesion 
is  overcome :  a  mass  of  water  pro- 
jected from  a  certain  height  falls  to 
the  ground  in  a  shower  of  spray, 
dur,  Jia  we  have  already  seen,  to 
the  i-esistanee  of  the  air. 
MoR'over,  there  is  a  great  diifereiiue  in  this  ri'sjHict  between 
various  liquids.  Some  are  viscous,  and  their  molecules  are  but  slowly 
displaced,  requiring  some  time  to  take  the  form  of  the  vessels  which 
contain  them  :  such  are  resins,  and  sulphur  at  certain  temperatures. 
Soft  bodies  form,  in  this  manner,  a  transition  state  between  solids 
and  liquids.'     Other  bodies,  such  as  the  ethers  and  alcohols,  ] 


'  The  ciiliesi^n  of  llip  [nrliclw  wliicli  form  iwliil  lioJies  vau  I*  iivericmie  b 
Kufficicnt  pn-Rsiire.  Soijic  cxpt-rjitienls  of  ^rcul  interest  mnde  !>;  M.  Tre.tcii  huv 
(■rrired  the  fiict  in  ii|)]>(>-.imnra  jKimibxit'd  -that  the  ha^leHt  Koli<l!<  ciin.  nilhov 
vhAn|;iiif[  tlii-ir  «l:iie,  flow  nnder  great  pre^uire,  like  liqiutln. 
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a  great  degree  of  liquidity,  and  eveu  pass  with  the  greatest  facility 
into  a  state  of  vapour.  Lastly,  there  13  a  certain  number  of  liquids, 
like  water,  in  a  degree  of  liquidity  which  is  a  mean  between  these 
two  exLreraes,  We  shall  see  further  on  that  heat  and  pressure  have 
a  veiy  important  influence  on  these  different  states. 

Whatever  these  differences  may  be,  the  phenomena  which  we  are 
about  to  pass  under  review  are  manifested  by  all  liquid  bodies,  to 


degrees  which  vary  only  nccordiug  to  their  more  or  less  perfect 
liquidity. 

Most  people  have  heard  of  the  celebrated  experiments  made  at 
tlie  end  of  the  eighteenth  centuiy  by  tlie  physicist  of  the  Academy 
del  Cimento,  of  Florence,  on  the  compressibility  of  liquids.  Hoes 
water,  or  more  generally  speaking,  does  any  liciuid  change  its  volume, 
when  submitted  to  a  considerable  mechanical  pressure  ?  Such  was 
the  question  which  these  uieti  asked  themselves,  and  which  they 
believed  tliey  solved  negatively,  Tliey  caused  a  hollow  silver  sphere 
to  he  made,  filled  it  with  water,  and  immediately  her  luetic  ally 
sealed  it.  Ilaving  then  strongly  compressed  it,  tliuy  saw  tlie  water 
oozing  through  its  walls.  They  made  other  ex]ieriiiiL'iit3  with  the 
same  result,  and  they  concluded  that  liquids  do  not  diminish  in 
volume  under  the  action  of  the  greatest  mechanical  forces,  or,  in 
other  words,  that  they  are  incompressible. 

But  more  recent  experiments  have  ini-alidated  those  of  the 
Florentine  Academicians.  The  compressibility  of  water  and  many 
other  liquids  has  been  demonstrated.  Canton  in  ITlil,  Perkins  in 
1819,  Oersted  in  182;i,  and,  more  recently,  Despnitz,  Calladon  and 
Sturm,  Wertheira  and  Kegnault,  have  measured  with  continually 
increasing  accuracy  the  diminution  of  vohime  brought  about  in 
sundry  liquids  subjected  to  a  determinate  pressure.  We  shidl  see 
further  on  that  this  diminution  is  extremely  slight, — so  slight  that 
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it  need  not  be  taken  into  account  in  the  study  of  hydrostatic  phe- 
nomena. We  will  now  give  a  description  of  the  more  important  of 
these  phenomena. 

Imagine  two  cylinders  of  unequal  diameter  communicating  at 
their  bases  by  a  tube  (Fig.  36).  Two  perfectly  fitting  pistons  move 
freely  in  the  interior  of  each  of  them,  and  the  tube  and  the 
cylinders  below  the   pistons   are   fiDed   with   water.     We  find   by 

this  experiment  that,  in  order  to  obtain 
equilibrium  in  the  instrument,  if  the 
chaise  of  the  piston  of  the  small 
cylinder,  added  to  its  own  weight,  is,  for 
example,  one  kilogramme,  or  one  pound, 
the  laigest  piston  must  be  charged,  its 
own  weight  included,  by  as  many  times 
one  kilogramme  or  one  pound  as  the  sur- 
face of  the  large  cylinder  contains  that  of 
the  small  one. 

In  the  example  represented  in  Fig.  30 
one    kilogramme    balances    sixteen.     It 
seems  as  if  the  pressure  exercised  by  the 
surface  of  the  small  piston   were  transmitted,  without  any   modifi- 
cation of  its  energy,  through  the  liquid  to   each   equal  portion  of 
the  surface  of  the  large  one. 

Such  is,  in  fact,  the  principle  on  which  rests  the  construction  of 
a  machine  of  the  greatest  utility,  which  will  be  described  in  the 
applications  of  physics,  and  which  is  known  under  the  name  of  the 
hydraulic  press  or  ram.  The  discovery  of  this  principle  is  due  to 
Pascal:  it  is  a  consequence  of  the  mobility  and  elasticity  of  liquid 
particles.  It  may  be  formulated  as  follows; — Pressure,  exercised  on 
a  liqitid  contained  in  a  closed  vessel,  is  transmitted  with  the  same  energy 
in  all  directions.  By  this  it  must  be  understood  that,  if  we  take 
on  the  liquid  or  on  the  interior  walls  of  the  vessel  a  surface  equal 
to  that  on  which  the  pressure  is  exercised,  this  surface  will  undeigo 
a  pressure  exactly  equal  to  the  first ;  if  the  surface  which  receives 
the  pressure  is  double,  triple,  quadruple,  &c.,  of  that  which  transmits 
it,  it  will  support  a  double,  triple,  and  quadruple  pressure.  So  that, 
if  we  open  in  the  sides  of  the  vessel  orifices  of  any  dimensions, 
it  is  necessary,  to  maintain  equilibrium,  to  exercise  on  the  pistons 


Fio.  M.— Principle  of  Uie  hydraulic 
preu. 
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PiQ.  37.— The  pressure  exercised 
on  one  ]>oint  of  a  liquid  is 
transmitted  equaUy  in  every 
direction. 


which  shut  these  orifices  pressures  proportional  to  their  surfaces 
(Fig.  37).  In  order  to  prove  this  by  experiment,  it  is  necessary,  in 
measuring  the  pressures  exercised  or  transmitted,  to  take  into  account 
the  pressures  which  proceed  from  the  force 
of  gravity,  or  that  which  the  liquid  ex- 
ercises on  itself  or  on  the  walls  of  the 
vessel  by  its  own  weight.  The  experiment 
shown  in  Fig.  36,  and  actually  realized 
in  the  hydraulic  press,  is  an  evident  con- 
sequence of  Pascal's  principla 

We  have  seen — and  it  is  a  fact  which 
every  one  can  prove  by  observation — that 
the  direction  of  the  plumb-line  is  perpen- 
dicular to  the   surface  of  a  liquid  at  rest. 

It  can  be  easily  understood  that  it  could  not  be  otherwise  In 
fact,  when  the  surface  of  a  liquid  is  not  plane  and  horizontal,  a 
particle  such  as  m  (Fig.  38)  finds  itself  on  an  inclined  plane, 
and,  in  virtue  of  the  mobility  proper  to  liquids,  it  glides  along  the 
plane  under  the  influence  of  its  own  weight.  Equilibrium  will 
be  impossible  until  the  cause  of  the 
agitation  of  the  liquid  having  ceased, 
the  surface  becomes  by  degrees  level, 
and  is  exactly  plane  or  horizontal 
The  large  liquid  surfaces  of  the  seas, 
lakes,  and  of  pools  even,  are  mrely  in 
repose.  The  agitations  of  the  air,  high 
winds,  or  light  breezes,  are  suflBcient 

to  produce  those  multitudes  of  moving  prominences,  which  are 
called  waves,  or  simple  ripples.  But  if,  instead  of  taking  into  con- 
sideration a  small  portion  only,  we  embrace  with  the  sight  or  in 
thought  an  extent  of  sufficient  radius, — or  if  we  contemplate  this 
extent  from  a  considerable  distance, — the  inequalities  are  effaced  on 
the  whole ;  the  liquid  appears  to  be  at  rest ;  and  its  surface  is 
clearly  a  horizontal  plane. 

We  must  always  bear  in  mind  that  the  earth  is  spheroidal ;  that 
the  verticals  of  the  different  places  are  not  parallel;  that  the  real 
surfaces  of  the  seas  and  great  lakes  paiticipate  in  its  curvature,  as 
is  proved  by  various  optical   phenomena  described   in    one  of  our 


Fio.  88.  —The  surface  of  liquids  in 
repose  is  horizontal. 


64 


PHYSICAL  PHESOMESA. 


\Kty>%  [. 


jinaMfdiii;;  worlcH.'  lint  tliis  only  gf^ea  t**  conlirm  the  essential 
cjiiditiuii  iA  t)i«  e<|uilibriuu  of  a  li<|uid  cmtaioeil  in  a  ves^^el  au<l 
Muliiiii(ti:il  to  the  action  of  the  force  of  gravity  only. 

The  exttjrior  fturface  of  a  liijuid  in  wiuilihriuin  is  always  level, 
or  plane  and  horizontal  Tliw  is  on  the  exterior.  Let  us  now  see 
what  ha]i]>cnH  in  the  interior.  Each  liquid  particle  possessing 
weight,  it  may  l>e  considered  as  a  pressure  exercised  vertically,  and 
ought  ie>  transmit  itself  in  every  direction  to  the  other  portions 
of  the  li'iuid,  and   ti>   the   walls   of  the  vessel  which  contains  it. 


What  i)*  the  rc'Hiiltiuit  of  tho  prcxKuru  of  all  tlic  particles^     Tlie 
fiiUowin;;  experiment  will  imHwor  this  question. 

I^it  us  tiiki'  II  (■ylindrical  vessi'l,  witli<mt  ti  bottom,  supiKirted  by 
n  tripod  of  11  ciTliiiii  h<'i;;ht  (Fif,-.  '.VS).  A  tkt  disc,  in  the  fonii  of 
II  plidf,  sii!4|ifnil<>d  liy  II  wiiv  attiulu'd  to  one  of  the  ariiiij  of  a 
Imhtnc.-,  is  npiai.-.l  fxiictly   l-.  ih.'   lower  odgfs  of  the  fvlindei;  -so 


CHAP.  VI.]  WEIGHT  OF  LIQ  UIDS,  65 

as  to  form  a  bottom  to  it.  In  the  other  scale  a  counterpoise  is 
placed  equal  to  the  difference  between  the  weight  of  the  cylinder 
and  that  of  the  disc.  Lastly,  standard  weights  are  added,  which 
cause  the  disc  to  press  against  the  bottom  edge  of  the  cylinder. 
Water  is  then  poured  into  the  latter.  Tlie  pressure  of  the  liquid 
on  the  moveable  bottom  by  degrees  increases ;  when  it  has  become 
equal  to  the  added  weights,  the  least  excess  of  liquid  detaches  the 
disc,  and  the  water  flows  out.  But  the  pressure  diminishes  by  this 
outflow,  and  the  disc  again  adheres  closely  to  tlie  cylinder.  A 
pointer  which  touches  the  surface  of  the  water  marks  its  level  at 
the  moment  of  equilibrium. 

It  is  seen  from  this  first  experiment,  that,  as  we  should  expect, 
the  pressure  exercised  on  the  bottom  of  the  vessel  is  precisely  eqical  to 
the  iveight  of  the  liquid. 

If  now  we  repeat  the  experiment  with  a  vessel  with  the  same 
sized  orifice  at  bottom  as  the  cylinder,  but  wider  at  the  top,  and 
consequently  of  much  greater  volume,  we  find  identically  the  same 
result — that  is  to  say,  the  same  weight  counterpoises  a  column  of 
liquid  of  the  same  height.  The  residt  is  the  same  if  a  vessel  nar- 
rowed at  the  top  is  employed,  provided  that  the  surface  of  the  base 
remains  the  same. 

Thus,  the  pressure  exercised  by  the  weight  of  a  liquid  on  the 
bottom  of  the  vessel  which  contains  it  is  independent  of  the  form 
of  the  vessel,  but  proportional  to  the  height  of  the  liquid,  and  lastly, 
equal  to  the  weight  of  a  liquid  column  of  the  same  height,  having 
the  bottom  of  the  vessel  for  a  base. 

Tlie  experimental  demonstration  of  the  first  part  of  this  law 
may  also  be  shown  by  the  aid  of  Haldat's  apparatus;  but  the 
measure  of  the  pressure  is  not  directly  given,  as  in  the  first  method. 
It  is  shown  by  the  elevation  of  a  column  of  mercury  in  a  tube, 
as  shown  in  Fig.  40. 

I^  instead  of  inquiring  the  degree  of  pressure  on  the  bottom 
of  the  vessel,  we  wished  to  find  that  exercised  on  the  surface  of 
a  liquid  stratum,  or  the  sides  of  the  vessel,  this  pressure  would  be 
found  to  be  the  same,  with  equal  surfaces  and  the  same  depth  ;  for 
it  is  also  measured  by  the  weight  of  a  vertical  liquid  column,  having 
the  pressed  surface  for  its  base,  and  for  its  height  the  distance  of 
the  stratum  from  the  surface  of  the  liquid. 
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The  following  experiment  demonstrates  this  law  in  the  case  of  a 
surface  taken  on  an  iuterior  liorizontat  stratum: — 

A  cylinder,  open  at  the  two  ends,  and  furnished  with  a  disc 
or  moveable  covering,  wliich  serves  it  as  a  bottom,  is  plunged 
vertically  into  a  vessel  full  of  water  (Fig.  41).  The  hand  is  obliged 
to  exert  an  effort  in  introducing  the  cylinder,  which  proves  that  the 
liquid  exercises  an  upward  pressure  which  holds  the  disc  against 
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the  edges  of  the  cylinder  and  prevents  the  water  from  getting  in. 
If,  DOW,  water  is  poured  into  the  tube,  equilibrium  continues  as 
long  as  the  interior  level  is  lower  than  the  exterior  one.  At 
the  moment  when  equality  is  attained  in  the  levels,  and  even  a 
little  before,  on  account  of  the  weight  of  the  disc,  the  latter 
gives  way,  and  eiinilibrium  is  destroyed.  The  same  result  is 
always  produced  to  whatever  depth  the  cylinder  is  immersed. 
Ileiice  this  law : — 
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In  a  liquid  in  equilibrium  tinder  tlie  sole  action  of  the  force  of 
gravity,  the  pre^s\ire  on  a  definite  paint  of  the  sam^  horizontal  stratum 
is  constant ;  it  is  measured  hy  the  weight  of  a  liquid  column  having  for 
base  the  area  of  the  svrfa^  under  jyressure,  and  for  height  the  vertical 
depth  of  the  stratum. 

The  lateral  pressures  on  the  walls  are  measured  in  the  same  way. 
It  must  be  added  that  their  pressure  is  always  exerted  normally, 
that  is  to  say,  peq>endicularly  to  the  surface  of  the  walls,  so  that  it  is 
exerted  in  a  direction  contrary  to  the  action  of  gravity,  if  the  wall  is 
horizontal  above  the  liquid. 


Fio.  41— Pressure  of  a  liquid  ou  a  liorizoutal 

stratum. 


Fin.  42. — The  pressures  of  liquids  are  nonnal 
to  the  walls  of  the  coutaininf;  vessel. 


We  will  give  some  experiments  which  prove  the  existence  and  the 
directions  of  these  pressures. 

A  cylinder  (Fig.  42)  is  terminated  by  a  very  thin  metallic  ball 
pierced  with  holes  in  all  directions.  If  it  be  filled  with  water,  it  will 
be  seen  to  spout  out  through  all  the  orifices,  and  the  direction  of  the 
jet  is  always  normal  to  the  portion  of  surface  whence  it  escapes.  In 
the  rose  of  a  watering-can  the  water  escapes  in  virtue  of  this  property 
of  liquids  to  press  laterally  against  the  w^alls  of  the  vessels  wliich 
contain  them. 

The  hydraulic  tourniquet  shows  the  lateral  pressure  exerting  itself 
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in  two  opposite  directions  at  the  two  extremities  of  a  doubly 
curved  horizoDtal  tube  (Fig.  43).  If  this  tube  were  not  open,  the 
lateral  pressure  on  tlie  end  would  be  counterbalanced  by  an  equal  and 
contrarj-  pressure  at  the  elbow,  and  tbe  instrument  would  remain  at 
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rest ;  but  the  orifices  at  each  extremity  permit  two  liquid  jets  to  escape, 
and  as  the  pressure  on  each  elbow  is  no  longer  counterbalanced,  a 
backwaiil  movement  follows  and  a  rotation  of  tlie  tube  is  set  up. 
The  pressures,  lateral  or  otlierwiae,  exerted  uornially  on  the  walls 
explain  all  that  is  peculiar  in  the 
equality  of  pressure  on  tlie  bottom 
of  vessels  of  different  forms.     In 
a  wide-mouthed  conical   vessel, 
the  lateral  walls  support  the  ex- 
cess  of  tlie   total  weight  of  the 
li<[uid   over   that   of  the  column 
ru.  *4.—  j.ro.    ..  juun  ui.  whicli  measuFcs  the  pressure  on 

the  bottoui.     Ill  a  narrow-topped  vessel,  the  walls  are  subjected  to 
presaureB  in  a  direction  opposed  to  that  of  the  force  of  gravity,  and 
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the  amount  of  this  pressure  is  precisely  equal  to  that  which  is 
wanting  to  form  the  liquid  cylinder,  the  weight  of  which  is  equivalent 
to  the  pressure  on  the  horizontal  hottom  of  the  vessel  (Fig.  44). 

Thus  is  explained  the  phenomenon,  which  at  iirst  appears  so  singular, 
of  liquid  columns 
very  different  in 
weight  when  they 
are  measured  ia 
the  scale  of  a  ba- 
lance, nevertheless 
exerting  the  same 
pressure  on  a  unit 
of  surface  in  the 
hottom  of  a  vessel, 
if  the  weight  of  the 
liquids  be  equal. 
Pascal  proved  this 
fact,  which  is 
called  the  hydro- 
static paradox.  He 
burst  the  staves  of 
a  solidly  construc- 
ted barrel,  filled 
with  water,  the 
bung-hole  of 
which  was  sur- 
mounted by  a  very 
narrow,  high  tube, 
and  he  did  this 
\tj  simply  filling 
Uiis  tube  with 
water ;  that  is  to 
say,  by  adding  to 
the  whole  weight 
an       insignificant 

addition  (Fig.  45).  The  walls  of  the  barrel  liad  to  support  the 
same  pressure  as  if  they  had  been  surmounted  by  a  mass  of  water 
having  a  base  equal  to  the  bottom  of  the  barrel  and  the  same  height 
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aa  the  length  of  the  column  of  water  in  the  tube.  One  kilogramme 
of  water  can  produce,  ia  this  manner,  the  same  effect  as  thousanda 
of  kil(^rammes. 

If,  in  the  same  veEsel,  we  introduce  liquids  of  Tarious  densities,  not 

susceptible  of  mixing — for  example,  mercurj',  water,  and  oil — these 

liquids  will  range  themselves  in  the  oider  of  density.     Aforeover, 

when  equilibrium  is  established  (Fig.  46), 

^=^  the    separating   auri'aces   are   plane   and 

^kl  horizontal. 

I  This  experimental  fact  might  be  fore- 

T  seen,  for  the  equilibrium  of  a  single  liquid 

insisting  upon,  as  we  have  before  seen,  a 

horizontality  of  surface,  this  etiuilibrium 

is   not  broken,    when    this    surface   also 

supports   at  every  point  a  pressure  due 

to  a  superposed  liq<itd. 

It  is  possible,  with  great  precautions, 
'  to  obtain  equilibrium  with  two  liquids  of 
nearly  equal   densities,    by   placing    the 
"^"^  nJlnwi^f'dlSl'mt  teJuET*^  ^^^^^  ""^  uppermost,   but  the  equili- 
brium is  unstable,  and  the  least  agitation 
again  establishes  the  order  of  densities. 

This  is  the  reason  of  the  existence,  in  the  fiords  or  gulfs  on  the 
Norwegian  coasts,  of  the  sheets  of  fresh  water  brought  by  the  rivers, 
which  have  been  observed ;  these  maintain  themselves  on  the  surface 
of  the  salt  water  without  mixing  with  it,  although  sea-water  is 
heavier  than  fresh  water.  Vogt  records  that  in  one  fiord  one  of 
these  sheets  was  l'50m.  deep.  This  pheuumenon  is  only  possible 
in  calm  localities,  as  the  agitation  caused  by  winds  would  soon  mix 
the  fresh  water  with  the  salt.  The  same  fact  has  been  uoticed  in 
the  Thames,  the  tides  bringing  Ihe  sea-water  to  a  great  distance  iu 
the  bed  of  the  river. 

Tlie  Miuilibrium  of  a  liquid  contained  in  a  vessel  and  submitted 
to  the  action  of  gi-avity  alone  is  independent  of  tlie  form  of  the 
vessel.  Hence  this  very  natural  consequence,  that  a  liquid  rises  to 
the  Slime  hei;iht  in  two  or  more  vessels  whicli  communicate  one  with 
the  other.  E.\perinient  shows  that  the  level  is  always  the  same  in 
different  tubes  or  vessels  connected  together  by  a  tube  of  any  form 
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whatever,  provided  always  that  the  diameter  of  eaci)  be  not  too 
smaU  <Fig.  47). 

It  is  thifl  principle  which  serves  as  a  basis  to  the  theory  of  arte- 
sian wells,  the  construction  of  the  fountains  which  play  in  public 
or  private  gardens,  and  the  distribution  of  water  in  our  towns. 
We  shall  return  to  these  interesting  applications  in  another 
volume.  It  is  the  principle  only  which  interests  us  here.  The 
water  which  arrives  at  the  orifice  of  an  artesian  well  often  proceeds 
from  very  distant  reservoirs,  forming  as  it  were  subterranean  rivers, 
the  level  of  which,  at  the  source,  is  higher  than  at  the  point  of 
outflow.     The  pressure  is  thus  transmitted  to  a  distance,  and  the 


jet  which  follows  would  rise  precisely  to  the  same  height  as  the 
original  source,  were  it  not  for  the  resistance  of  the  air  and  the 
friction  to  which  the  ascending  column  is  subject  in  its  passage. 
The  same  thing  happens  with  the  jets  of  wat^r  fed  by  a 
reservoir  higher  than  the  basin  and  communicating  with  it  by 
subterranean  pipes. 

If  two  communicating  vessels  contain  liquids  of  different  den- 
sities, the  heights  are  no  longer  equal  (Fig.  48). 

Let  us  first  try  mercury.  The  level  will  be  established  in  the 
two  tubes  at  the  same  height.     In  the  left-hand  tube,  let  us  now 
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pour  water.  The  merciuy  will  rise  in  the  lightrhand  tube,  under 
the  influence  of  the  pressure  of  the  new  liquid.  Equilibrium  having 
been  established,  it  ia  easily  proved  that  the  heights  of  the  level 
of  the   water   and  of  the  mercury,  measured   from  their  ( 


plane  of  separation,  are  in  the  inverse  ratio  of  their  densities.  For 
example,  if  the  mercury  rises  3  millimetres,  the  column  of  water 
will  have  a  length  of  iO*8  millimetrea ;  that  is  to  say,  a  length 
130  times  greater.  Now,  a  volume  of  water  weighs  13d  times  less 
than  an  equal  volume  of  mercury, 
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CHAPTER  VII. 

EQUILIBRIUM   OP  BODIES  IMMERSED  IN  LIQUIDS. — PRINCIPLE  OP 

ARCHIMEDES. 

Premire  or  Iobs  of  weight  of  immersed  bodies — Principle  of  Archimedes — ^Experi- 
mental demonstration  of  this  principle — Equilibrium  of  immersed  and  floating 
bodies — Densities  of  solid  and  liquid  bodies  ;  Areometers. 

TjIVERYBODY  knows  that  when  we  immerse  in  water  a  sub- 
-*-^  stance  lighter  than  itself, — a  piece  of  wood,  or  cork,  for 
instance, — it  requires  a  certain  eflFort  to  keep  it  there.  If  left  to 
itself^  it  rises  vertically  and  comes  to  the  surface,  where  it  floats, 
partly  in  and  partly  out  of  the  water. 

What  is  the  cause  of  this  weU-known  phenomenon  ?    The  force 
of  gravity.     In  the  air,  the  same  body  left  to  itself  falls  vertically ; 
in  water,  the  lateral  pressures,  the  downward  pressures,  and  those 
in  the  contrary  direction,  are  partly  destroyed,  and  are  reduced  to 
a  pressure  which  is  exerted  in  a  direction  contrary  to  the  force  of 
gravity.    We  have  proved  the  existence  of  this  pressure  in  an  ex- 
periment before  described  (Fig.  41).    It  is  stated,  and  experiment 
confirms  the  theory,  that  this  pressure  is  precisely  equal  to  the 
weight  of  the  liquid  displaced.     The  point  of  application  of  this 
force,  which  is  called  the  centre  of  pressure,  is  the  centre  of  gravity 
of   the  volume    of   liquid,    the    place    of  which    is    occupied   by 
the  body.    The  loss  of  weight  of  which  we  speak  being  greater, 
for  bodies  lighter  than  water,  than  the  weight  of  the  body  itself, 
it  is  evident  that  it  must  cause  the  body  to  move  in  a  direction 
opposite  to  that  which  gravity  woidd  impose  on   it;    hence  the 
rising  of  the  piece  of  wood  or  cork  to  the  surface  of  the  liquid. 
But  this  loss  occurs  also  in  the  case  of  bodies  heavier  than  water, 
and  in  any  kind  of  liquid.    Every  one  knows  that  it  was  Archi- 
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medes,  one  of  the  greatest  geometers  and  physicists  of  antiq^uity, 
who  had  the  glory  of  discovering  this  principle,  which  is  known  by 
hie  name: — 

All  bodies  immersed  in  a  liquid  siijiv  a  loss  of  u'eiffh(  precisfly 
equal  to  the  weight  of  the  displaced  liquid. 

The  experimental  demonstration,  of  the  principle  of  Archimedes 
ia  made  by  means  of  the  hydrostatic  balance. 

Take  a  hollow  cylinder,  the  capacity  of  which  is  exactly  equal  to 
the  Tolome  of  a  solid  cylinder,  so  that  the  latter  can  exactly  fill  the 


former,  ^th  are  furnished  with  hooks,  so  that  the  solid  cylinder  can 
be  placed,  with  the  hollow  one  above  it,  below  one  of  the  pans  of  the 
hydrostatic  balance  (Fig.  49).  This  done,  the  beam  is  raised  by 
means  of  rackwork  fitted  to  the  colmnn  of  the  balance,  high  enough 
to  permit  a  vessel  filled  with  water  to  be  placed  beneath  the  two 
cylinders,  when  the  beam  is  horizontah 

In  this  state,  equilibrium  is  established  by  the  aid  of  a  counter- 
poise in  the  other  scale.     If  then  the  beam  of  the  balance  is  lowered. 
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the  solid  cylinder  is  immeised  in  the  water,  and  equilibrium  is  dis- 
turbed. This  alone  would  suffice  to  demonstrate  the  vertical  pressure, 
or  the  loss  of  weight  of  the  inmiersed  body.  To  measure  this  weight, 
the  solid  cylinder  itself  is  placed  entirely  in  the  water,  and  equili- 
brium is  re-established  by  pouring  water  slowly  into  the  hollow 
cylindrical  vesseL  It  will  then  be  seen  that  the  beam  will  again 
become  horizontal,  as  soon  as  the  hollow  cylinder  is  quite  filled. 

Thus  the  loss  of  weight  is  exactly  equal  to  the  weight  of  the 
water  poured  in,  that  is  to 
say,  the  water  displaced  by 
the  immersed  body.  The 
preceding  experiment  then 
fully  proves  the  principle 
of  Archimedes. 

How  is  it  then  that  equi- 
librium is  not  disturbed, 
when,  after  having  exactly 
balanced  a  vessel  containing 
liquid  and  a  solid  body 
placed  side  by  side  on  the 
plate  of  a  balance,  the  solid 
body  is  immersed  in  the 
water  ?  The  solid  body  loses 
weight,  as  has  been  proved. 
Nevertheless  the  equilibrium 
remains.  It  must  be  that 
the  vessel  and  its  contents 
have  been  increased  by  an 
equivalent  weight,  or  that, 
to  put  it  another  way,  the 

.  1      _  r  !_  Fio.  50. — Prinriple  of  ArohimedeR.  Reac  tion  of  one  immersed 

water  undergoes  trom  above  uaj  on  the  liquid  winch  contains  it. 

downwards  a  pressure  equal 

to  that  at  work  upwards.  That  this  explanation  is  correct  is  proved 
by  the  aid  of  the  apparatus  above  described. 

A  vessel  partly  filled  with  water  is  weighed.  Then  the  solid  cylinder 
is  immersed,  supported  separately,  as  is  shown  in  Fig.  50.  Equili- 
brium  is  disturbed :  the  beam  leans  to  the  side  of  the  vesseL  By 
how  much  is  the  weight  of  the  water  augmented  by  the  immersion  ? 
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by  tbe  weight  of  the  displaced  water :  as  is  proved  by  the 
fact  that,  in  order  to  again  establish  eqailibrium,  it  is  sufficient  to  take 
from  the  yessel  a  volume  of  water  exactly  sufficient  to  fill  the  hollow 
qrlinder  of  the  same  interior  capacity  as  the  body  immersed. 

The  principle  of  Archimedes  is  of  great  importance.  It  enables  us 
to  determine  the  conditions  of  equilibrium  with  immersed  or  floating 
bodies,  to  explain  numerous  hydrostatic  phenomena,  and  to  solve  a  host 
of  problems  of  great  practical  interest  For  example,  it  enables  us  to 
determine  beforehand  what  must  be  the  form,  weight,  and  distribution 
of  the  cargo  of  ships,  in  order  that  stable  equilibrium  be  properly 
combined  with  the  other  qualities  of  the  vessel,  such  as  rapidity,  &c. 

At  each  instant  we  have,  in  the  phenomena  which  take  place  in 
liquids,  proofi9  of  the  existence  of  pressure.  When  we  take  a  bath,  if 
we  compare  the  effort  which  is  necessary  to  raise  one  of  our  limbs  to 
the  top  of  the  water  with  that  which  it  requires  in  air,  we  are  struck 
with  the  difference.  Very  heavy  stones,  that  we  should  have  great 
trouble  to  lift  out  of  water,  are  moved  and  lifted  with  facility  when 
they  are  immersed  in  it.  Lastly,  when  we  walk  into  a  river  which 
imperceptibly  gets  deeper,  we  feel  the  pressure  of  our  feet  on  the 
bottom  diminish  by  degrees,  until  at  last  we  no  longer  have  any 
power  to  walk  forward.  The  weight  of  our  body  is  nearly  counter- 
balanced by  the  pressure  of  the  liquid,  and  we  tend  to  take  a 
horizontal  position  in  consequence  of  the  imstable  equilibrium  in 
which  we  find  ourselvea 

This  brings  us  to  say  a  few  words  on  the  conditions  of  equilibrium 
of  bodies  immersed  in  liquids  or  capable  of  floating  on  their  surface. 

It  is  at  once  evident  that  an  immersed  body  cannot  be  in  equili- 
brium if  its  weight  exceeds  that  of  an  equal  volume  of  the  liquid. 
In  this  case  it  falls,  under  the  action  of  the  excess  of  weight  over 
pressure.  Neither  will  it  remain  in  equilibrium  if  its  weight  is  less 
than  the  displaced  liquid:  in  this  case  it  will  rise  to  the  surface, 
uiged  by  the  excess  of  pressure  over  its  weight  or  over  the  force 
of  gravity.  It  is  thus  that  cork,  wood — at  least  certain  kinds  of 
wood — ^wax,  and  ice,  swim  on  the  surface  of  water,  whilst  most  of 
the  metals,  stones,  and  numerous  other  substances  fall  to  the  bottom. 
Since  mercury  is  a  liquid  of  great  density,  most  of  the  metals  float 
on  its  surface.  A  leaden  ball,  a  piece  of  iron,  or  copper,  will  not  sink 
in  it;  gold  and  platinum,  on  the  contrary,  wilL 
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We  will  now  examine  the  case  of  a  body  the  specific  gravity  of 
which  is  precisely  equal  to  that  of  the  liquid.  If  its  substance  is 
perfectly  homogeneous,  the  body  will  remain  in  equilibrium,  in 
whatever  position  it  is  placed,  in  the  middle  of  the  liquid.  In  this 
case,  the  weight  and  the  pressure  not  only  are  equal  and  opposite, 
but  are  both  applied  at  the  same  point ;  that  is  to  say,  the  centre  of 
gravity  and  the  centre  of  pressure  coincide. 

Fish  rise  and  fall,  at  will,  in  water.     These  different  movements 
are  rendered  possible  by  the  faculty  these  creatures  have  of  com- 
pressing or  expanding  a  sort  of  elastic  bag  filled  with  air,  situated  in 
the  abdomen.     According  to  the  volume  of  the  swimming-bladder — 
that  is  the  name  of  tlie  organ — the  body  of  the  fish  is  sometimes 
lighter  and   sometimes   heavier  than   tlie   volume  of  water  which 
it   displaces:   in   the  first  case  it  rises,  in  the  second  it  descends. 
M.  Delaunay  quotes,  in  liis  Course  of  Pliysics,  a  very  curious  phe- 
nomenon which  is  very  easily  explained  by  the  principle  of  Archi- 
medes.    "When,"  he  says,  "a  grape  is  introduced  into  a  gla^s  full 
of  champagne,  it  immediately  falls  to  the  bottom.     But  the  carbonic 
acid,  which  continually  escapes  from  the  liquid,  soon  forms   many 
little  bubbles  round  it.      These  bubbles  of   gas  add,  so  to  speak, 
to  the  bulk  of  the  grape,  increase  its  volume,  without  its  weight 
being  sensibly  augmented :  the  pressure  of  the  liquid,  which  was 
at  first  less  than  the   weight  of  the   grape,  soon  becomes  greater 
than  this  weight,  and  the  grape  rises  to  the  surface  of  the  liquid. 
If,  then,  we  give  a  little  jerk  to  the  grape,  and  detach  from  it  the 
bubbles  of  carbonic  acid  which  adhere  to  its  surface,  it  again  descends 
to  the  bottom  of  the  glass,  after  a  short  time  to  remount.      The 
experiment  may  thus  be  continued  as  long  as  any  carbonic  acid 
escapes.'* 

If  the  immei*sed  body  is  not  homogeneous, — if,  for  example,  it  is 
made  of  cork  and  lead,  the  substances  having  been  combined  in  such 
a  manner  as  to  weigh  together  as  much  as  the  displaced  water 
(Fig.  51),  without  having  a  common  centre  of  gravity,  the  centre 
of  gravity  of  the  whole  and  the  centre  of  pressure  no  longer 
coincide.  To  establish  equilibrium  these  two  points  must  be  in 
the  same  vertical  plane,  as  in  the  positions  1  and  2,  or  otherwise 
equilibrium  will  be  unstalJe,  if,  as  in  2,  the  centre  of  gravity  is 
uppermost     In  position  «3,  this  condition  not  being  realized,  equili- 
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brium  will  only  take  place  when  the  oscillations  of  the  body  bring 
it  to  the  first  posttioD. 

■When  a  body  displaces  a  volume  of  liquid,  the  weight  of  which 
is  greater  than  its  on-n,  either  in  consequence  of  its  real  volume 
or  of  its  form,  it  floats  on  the  surface. 

la  this  case,  the  weight  of  the  water  which  the  portion  immersed 
displaces  is  precisely  that  of  the  body  and  the  load  which  it 
supports:  thus  a  ship,  with  its  cargo  of  men,  materials,  and  mer- 
chandise, weighs  altogether  just  as  much  as  the  volume  of  the  sea- 
water  displaced. 

Moreover,  the  second  condition  of  equilibrium  is  still  the  same;  that 
is  to  say,  the  centre  of  gravity  of  the  body  and  the  centre  of  pressure 
must  be  on  the  same  vertical  line  But  it  is  no  longer  indispensable  to 
stability,  that  the  first  point  be  below  the  other.     Besides,  according 


— K<|uMJbrluin  ot  ■  bn-ly  Ininicnnl  In  >  llqukl  of  tlw  uinv  iruM\\.j  u . 


to  the  position  and  the  form  of  the  floating  body,  the  form  of  the 
displaced  volume  itself  clianges,  and  the  centre  of  pressure  changes 
with  it,  so  that  at  each  instant  the  conditions  of  equilibrium  varj*. 

In  ships,  perfect  equilibrium  never  exactly  exists,  even  when  the 
sea  is  smooth  and  calm.  Oscillations  of  greater  or  lesser  ampUtude 
are  always  taking;  place ;  the  principal  point  to  attain  is  that,  under 
the  most  unfavourable  circumstances,  the  movements  of  the  vessel 
shall  not  be  decided  enough  to  upset  it. 

The  principle  of  Archimetles  is  of  the  greatest  use  in  science,  in 
deteriuining  tlie  Kpecilic  gravity  of  liquid  or  solid  bodies.  Let  us 
briefly  indicate  the  niethod.<4  adopted  for  this  determination. 
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Let  U8  remember  that  the  specific  gravity  of  a  body  is  the  rela- 
tion which  exists  between  its  weight  and  that  of  an  equal  volume  of 
pure  water  taken  at  a  temperature  of  4  degrees  centigrade.  How  can 
we  find  the  number  which  expresses  the  specific  gravity  of  a  body  ? 
First,  we  must  obtain  its  weight :  for  this  the  balance  is  used.  Secondly, 
we  must  know  the  weight  of  an  equal  volume  of  water :  the  opera- 
tions necessary  for  this  determination  will  be  described  in  the  sequeL 
These  two  numbers  obtained,  the  quotient,  the  first  divided  by  the 
second,  gives  the  specific  gravity. 

The  only  diflBculty  is  then  to  find  the  weight  of  a  volume  of  water 
equal  to  that  of  the  body.  We 
will  explain  the  three  methods 
employed.  Let  us  take  the  case 
of  a  piece  of  iron  weighing  in 
the  air  2465  gr.  It  is  sus- 
pended by  a  very  fine  cord  to 
one  of  the  plates  of  the  hydro- 
static balance,  and  to  establish 
equilibrium  a  counterpoise  is 
placed  in  the  other  plate.  Then 
the  balance  is  lowered  until  the 
piece  of  iron  is  immersed  in 
the  water  (Fig,  52).  At  this 
moment  the  beam  falls  on  the 
side  of  the  tare,  and  it  is 
necessary  to  put  weights  equal 
to  31*65  gr.  in  the  plate  which 
holds  the  body,  to  re-establish 
equilibrium.  These  weights  re- 
present the  displaced  water.  On 
dividing  2465  by  31-65,  7788 
is  found  to  be  the  specific 
gravity  of  the  iron,  which  shows 

that  for  equal  volumes  the  iron  weighs  7  and  788  thousandths  times 
as  much  as  water.     We  now  come  to  the  second  method. 

Fig.  53  represents  an  instrument  called  an  areometer,^  which  was 

*  From  the  Greek  apaios,  right,  and  fitrpov,  measure.  Areometers  were  first 
used  to  determine  the  densities  of  liquids,  as  we  shall  see  further  on. 


Flo.  52. —  Density  of  Holid  bodies.    Methu<l  of  the 
hydruiitalic  bulauce. 
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invented  by  the  physicist  Charles,  although  it  is  generally  attribnted 
to  Nicholson ;  it  is  constructed  so  that  when  placed  in  water  the 
liquid  is  precisely  level  with  a  standard  point  on  its  upper  rod,  when 
the  pau  which  surmounts  this  rod  is  charged  witii  a  known  weight, 
let  as  say  100  gntmmee.  We  place  the  body  whose  specific  gravity 
is  sought  for  in  the  little  pan  at  the  top,  and  standard  weights 
are  added  to  obtain  the  level.  If,  for  instance,  35*8  gr.  have  been 
added,  the  difference,  G4'2  gr.,  of  this  last  weight  and  the  100  grammes 
evidently  gives  the  weight  of  the  body  in  air. 

From  what  has  been  said  it  will  be  seen  that  the  areometer  is  a 
true  balance. 


Fla.  &3.— Daultjrar  IDUd 


The  body  is  next  taken  out  of  the  upper  pan,  and  is  placed  in  the 
little  vessel  suspended  under  the  instrument:  it  loses  some  of  its 
weight,  so  that  the  areometer  rises,  and  more  standard  weights  must 
be  added  to  bring  it  agfiin  to  the  level :  let  us  suppose  31  grammes 
addeil — this  is  the  weight  of  a  volume  of  water  equal  to  that  of  the 
body.  Dividing  04*2  by  31,  we  find  207  the  ratio  sought  (the 
specific  gravity  of  sulphur). 
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In  the  case  where  the  body  is  lighter  than  water,  the  small  basket 
is  reversed  over  it,  and  the  body,  which  pressure  causes  to  rise, 
meeting  with  an  obstacle,  still  remains  immersed. 

A  third  method  to  determine  the  specific  gravities  of  bodies  is  that 
of  the  "specific  gravity  bottle."  Placed  in  the  pan  of  a  balance  is 
the  fragment  of  a  body  the  weight  of  which  is  known,  but  of  which 
the  specific  gravity  is  sought,  and,  by  its  side,  a  flask  exactly  filled 
with  water  and  well  stopped  by  means  of  a  ground  stopper  (Fig.  54). 
Ec^uilibrium  is  obtained   by  standard   weights.     The   body  is  then 


Fio.  54.— Density  of  Holi.l 
bodies.  MetlKNl  of  thn 
»I>ecitIc  gravity  Inltle. 


Fio.  00.  — Density  of  Iii|iii<l.s.     Uydrostatii-  lialam f 


introduced  into  the  flask,  which  is  again  stopped,  care  having  been 
taken  to  push  the  stopper  to  the  same  level.  A  certain  (juantity 
of  water  has  come  out,  the  volume  of  which  is  precisely  equal  to 
that  of  the  body  which  takes  its  place.  After  having  well  dried 
the  flask,  it  is  replaced  in  the  pan  of  the  balance,  and  the  weights 
required  to  restore  equilibrium  give  the  weight  of  the  water  expelled. 
Having  the  weights  of  equal  volumes  of  the  substance  and  of  water, 
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its  specific  gravity  is  easily  determined.  Tliis  proceps  is  not  nu 
application  of  the  jirinciple  of  Archiiiieiles,  like  the  first  two. 

These  tliree  methods  i-eqiure  some  precautions;  the  body  im- 
mersed in  the  water  rebiiiis,  adhering  to  its  surface,  air-buhhies  which 
uiiiat  be  removed.  If  tlin  boiiy  easily  absorbs  water,  or  even  dis- 
solves in  it,  anotlier  Uiiuid  is  used — oil,  for  example— in  wbicli  case 
we  must  determine  the  density  of  the  body  relatively  to  the  oil,  to 
that  of  water,  wfiicli  presents  no  difficulty. 

The  specific  gravity  of  liijuids  is  determined  by  processe-}  ana- 
logous to  tliose  we  have  just  de-scribed.  A  hollow  glass  ball,  bal- 
lasted so  that  it  IK  heavier  than  the  liipiids  to  be  weighed,  is  hooked 
under  the  pan  nf  the  hydnistiitic  balance  (Fig.  :"-'>)■ 


1 


I 


Weighed  in  air  and  then  in  water,  the  ditfenmce  of  the  weights 
<flV('s  the  weight  of  a  volume  of  water  etinal  to  its  own.  Well  dried 
and  weighed  in  the  Iii|iiid  nf  whiih  the  specific  gravity  is  wanted, 
this  secuiil  dilieivuc"  gives  the  w.-ighl  of  an  i.-y\\u\  v-lume  -if  the 
liipiiii.  Itisiding  tlie  liltiT  by  tin-  farmer,  the  .['i"'i<'"t  '3  'lie  specitie 
gravity  sought,  l-'aliivnhi-if!'  amimeter  (Fig.  r.t;),  imnierstHi  iu  water, 
rtquii'cs  a  given  weight  to  lie  placed  ou  it,  .10  that  a  fixed  ^tandai-d 


CHAP.  VII.]     EQUILIBRIUM  OF  BODIES  IN  LIQUIDS. 


83 


point  on  its  rod  is  level  with  the  surface  of  the  liquid.  It  is  clear  that 
this  additional  weight,  together  with  that  of  the  instrument,  marks  the 
weight  of  the  volume  of  water  displaced.  Immersed  in  another  liquid, 
in  oil  for  example,  we  obtain  in  the  same  way  the  weight  of  a  volume 
of  oil  equal  to  the  volume  of  water;  Tlie  division  of  the  second  weight 
by  the  first  gives  the  specific  gravity  of  the  oil.  lastly,  with  a  flask 
terminated  by  a  straight  tube  (Fig.  57),  which  is  successively  filled  with 
water  and  some  other  liquid  as  far  as  the  standard  mark  on  the  stem, 
the  weight  of  the  two  equal  volumes  of  water  and  the  liquid  is 
found,  and  thence  the  specific  gravity. 

We  give,  to  terminate  this  chai>ter,  a  table  of  the  specific  gravities 
of  some  of  the  most  common  solid  and  liquid  bodies.  As  we  shall 
soon  see,  the  volumes  of  the  bodies  vary  according  to  tlie  degree  of 
temperature  at  which  they  are  determined.  These  variations  do 
not  affect  their  weiglit,  but  precisely  on  tliat  account  the  specific 
gravity  of  the  body  is  variable.  It  lias  therefore  been  necessary  to 
reduce  them  to  a  constant  temperature.  For  water  only,  this  tem- 
perature is  4°  C. ;  for  all  the  other  solid  and  liquid  substances,  it  is 
convenient  to  take  that  of  melting  ice,  or  0"  C. 

SPECIFIC   GRAVITIES   OF   DIFFEK?:NT   nODlES   AT  OM'. 


MetaU. 
Rolled  platiinnn 
Cast  gold .  .  . 
(.'ast  lead .  .  . 
Cast  silver  .  . 
Drawn  copper  wire 
Cast  ditto  .  . 
Iron  .... 
Tin  .... 
Alaminium   .     . 


22 -OG 

10-26 

11-35 

10-47 

8  -05 

8-85 

7  -TO 

7-29 

2-G7 


Solids. 

MintTuls.  Rorks,  Ac 
Diamond 

Marble      .     .  2-6r>  to 
(Jniiiite     .... 
Samlstoiie 


(Quartz 


.3-r»3 

2-84 
2-75 
2<J0 


Glass   .     . 
Porcelain 
Sulphur    . 
Ice  at  0°  . 


;o 


0-.)i 

2-08 
0-93 


Boxwood .  .  . 
Heart  of  oak 
Black  ebony .  . 
Oak  .... 
Beech  .... 
AVillow  .  .  . 
Poplar  .  .  . 
Cork  .... 
Elder  pith     .     . 


1-32 
1-17 
119 
0-91 
0-75 
0-49 
0-39 
0-24 
0  08 


Ligi'iDs. 


Mercnry 
Bromine 
Concentrated 
phuric  acid 
Nitric  acid  . 
Water  at  4' 


sai- 


ls-590 
2-00f> 

1-S41 
1  -520 
I  -OOd 


Water  at  0' 
Sea-water  . 
Milk     .     . 
Bordeaux  . 
I^urgundy 


0-9998  Olive  oil      .     . 

1  '026  Essence  of  turpen 
1-03  tine     .     .     . 

0-994  Alrohol  .     .     . 

0-991  Sulphuric  ether 


0-915 

0-865 
0-792 
0-73(J 


HA  rilYSICAL  FUKSOMESA.  fBiX)K  i. 


rilAITKU  VII [. 
wKi«;nT  OF  TiiK  All:  ani»  of  «;asf>. — the  barometei:. 

The  air  a  heavv  limh*— El;i*ticlty  and  cf'mpre5>i>»ility  of  air  and  other  ;rii'ies-- 
I'ueumatic  or  fire  svrin;je—  JJiscoverv*  luaile  br  F'lorentine  workmen — Nature 
abhors   a  vacuum — Experiments  of  Torricelli  and  Pascal — Invention  of  th*- 
iKinjmeter-  -I)e>cripti«m  of  tht*  princi]i;tl  l>arometers. 

'Il/'E  live  at  the  Ixittom  f»f  a  fluiJ  ocean,  the  mean  deptli  of 
^'  wliicli  is  at  lea>t  a  hiimhed  times  greater  tlian  that  of  the 
8f»a.s,  and  wliieh  envelopes  all  i>oitions  of  the  terrestrial  spheroid.  Tin* 
huli.stanre  of  which  this  ocean  \^  farmed  is  the  air,  a  mixture  of  various 
other  ♦^'Jises,  the  two  ])rincipal  ones  bein*^  oxygen  and  nitrogen : 
carlHUiic  acid  gas,  aqueous  vajwjur,  sometimes  ammonia,  are  also 
found,  hut  in  variable  pn»jH>rtions,  whilst  the  two  gases  first  named 
arif  everywhere  found  in  the  same  i»roportion — a  pn»i)ortion  such 
tjjat,  !»y  volume  in  1^0  parts,  21  an,*  oxygen  and  79  nitrogen. 

Air  is,  as  is  well  known,  the  imlispensable  aliment  to  the  respira- 
tion cif  aniiii.ds  :  those  t^vrn  wbiih  habituallv  live  in  water  cannot 
do  without  it;  it  is  n^t  lf>s  uecessarA'  to  the  ve;^etable  world,  which, 
uinb*r  th<*  iiillm*nce  of  light,  decomposes  the  carlnmic  aci«l  in  the  air, 
(ix'vs  the  rarlM»n  and  lilx*rates  the  oxygen,  wdiich  is  absorl>ed,  on  the 
contrary,  in  animal  r«si>iratiou. 

The  tnuisjiarency  of  the  air  itsrlf  is  so  great  that  it  dot^s  nr)t  present 
itself  to  the  sight,  at  least  when  we  are  dealing  with  a  small  thickness. 
Hut  in  thr*  r,i-c  of  gn-nt  distances  the  intcrjx'sitinn  of  gaseous  strata 
is  veiy  ]Mncj,iibb' ;  it  is  these  which  give  to  distant  iKwlies,  such 
for  ex:im|»b'  as  nioinitaius  bounding  the  horizon,  a  bluish  tint, 
whirh   tint,   vi-ry   brilliant   and   jmre,  forms   the  cobmr  f»f  the  skv. 
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when  tlie  atmosphere  is  cloudless.  Were  it  not  for  the  blue  colour 
of  the  atmosphere,  the  sky  would  he  colourless,  that  is,  entirely 
black ;  and  the  stars  would  then  stand  out  brightly  in  broad  day. 
During  the  night,  the  aerial  envelope,  being  no  longer  lighted  up  by 
the  rays  of  the  sun,  but  only  by  the  feeble  light  of  the  moon  and 
stars,  appears  of  a  dark  blue ;  and,  if  in  the  day  we  observe  it  from 
a  ver}^  high  mountain,  the  same  appearance  is  produced — a  thinner 
stratum  of  the  air,  which  moreover  is  less  dense  in  the  higher  regions, 
absorbing  but  a  slight  portion  of  the  blue  rays  of  the  solar  light. 

The  existence  of  air  is,  moreover,  revealed  to  us  by  other  phe- 
nomena, which  act  upon  us  through  the  medium  of  the  organs  of 
hearing  and  touch.  When  the  air  is  still,  it  is  only  necessary  for  us 
to  move  in  order  to  feel  its  presence.  The  mass  of  air  resists  the  dis- 
placement which  we  cause  in  it,  and  the  resistance  is  sensible  to  our 
hands  or  our  face.  But  the  material  nature  of  the  air  is  manifested 
still  more  perceptibly  by  the  movements  with  which  it  is  itself 
animated ;  from  the  lightest  breeze  to  the  most  violent  winds, 
hurricanes,  and  tempests,  all  atmospheric  agitations  are  continual 
])roofs  of  its  existence. 

Lastly,  it  is  in  consequence  of  the  vibrations  comnmnicated  to 
the  air  by  sonorous  bodies  that  sound  is  propagated  to  our  ear.  The 
air  itself,  when  it  is  put  in  vibration  under  favourable  conditions, 
becomes  a  producer  of  sound,  as  we  shall  see  further  on.  ^fost  of  the 
properties  of  air  have  been  utilized,  and  we  shall,  in  the  sequel, 
describe  numerous  and  very  interesting  applications.  The  object  of 
this  chapter,  meanwhile,  is  the  study  of  the  properties  of  air  con- 
sidered as  a  body  which  has  weight ;  and  of  those  phenomena  due  to 
the  weight  of  air  or  other  gaseous  substances.  That  air  has  weight 
is  easily  proved  by  a  very  simple  experiment. 

We  shall  shortly  describe  the  instrument  which  is  used  to  ex- 
haust from  a  vessel  or  receiver  the  air  which  it  contains — to  make  a 
vacuum,  as  physicists  say.  This  is  called  an  air-pump.  Now,  if  we 
take  a  hollow  crlass  trlobe  fitted  witli  a  metallic  neck  furnished  with  a 
stopcock,  and  weigh  it  after  having  made  a  vacuum  (Fig.  •">8),  we 
have  only  to  open  the  cock  and  allow  the  air  to  enter,  to  see  that 
the  beam  of  the  balance  leans  then  to  the  side  of  the  ball.  To  re- 
establish the  inteiTupted  equilibrium,  weight  must  be  added — about 
1*29  grammes  for  each  litre  that  the  globe  holds. 
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Thus  then  is  the  weight  of  the  air  directly  demonstrated.     The 
same  experiment,  made  with  other  gases,  proves  in  the  same  manner 

that  bodies  in  a  gaseous  state, 
like  liquids  and  solids,  obey  the 
action  of  gravity.  Galileo  first  sus- 
pected and  enunciated  the  imjx)r- 
tant  truth  that  air  is  heavv :  but 
the  experiment  we  have  just  in- 
dicate<l  is  due  to  Otto  de  Guericke. 
the  inventor  of  the  air-pump. 

If  the  air  contained  in  a  vessel 
is  heavy,  that  is,  if  its  weight  is 
susceptible  of  being  valued  by 
means  of  a  balance,  the  immense 
volume  of  air  which  i\^sts  on  tlie 
surface  of  the  earth  must  press  on 
it  in  proportion  to  its  mass,  and 
tliis  pressure,  which  is  doubtless 
enormous,  must  be  manifested  in 
some  wfiy.  This  is  indeed  what 
happens ;  but,  before  studying  these 
phenomena,  .let  us  say  a  few  wonls 
on  the  properties  of  gases,  both 
(hose  which  they  possess  in  common  with  liquids,  and  those  which 
characterize  them  in  a  special  manner. 

Like  liquids,  gases  are  fonned  of  particles — molecules — which 
glide  one  over  the  other  with  extreme  facility.  Thus  we  see  gaseous 
masses  give  way  to  the  least  force — dividing  themselves,  and  allow- 
ing all  the  movements  of  solid  and  lii^uid  bodies  to  continue 
in  their  midst,  and  not  opposing  them  with  sensible  resistance, 
until  the  velcxrity  find  displacement  of  their  molecules  become 
considemble. 

(Jases  are  (Muinently  elastic  and  expansible.  Let  us  take  a 
flattened  and  compressed  bladder,  only  enclosing  a  small  volume  of 
air  in  com]>arison  witli  tlie  ([uantity  which  the  same  bladder  when 
filled  out  would  hold  (Fig.  51)).  In  this  state,  the  interior  air  does  not 
increase  in  volume,  because  the  elastic  force  with  which  its  molecules 
are  endoweJ,  and  which  we  are  about  to  demonstrate,  is  balanced  by 


Kio.  5A.— KxiN-rinK'ntAl  tlemon.stnition  of  the 
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the  pressure  ol'  the  exterior  air.  Ia'I  lis  place  tliis  blodilcr  uiiiier  the 
receiver  of  an  air-pump.  In  iiroportion  as  tlie  vacuum  point  is 
approached,  one  sees  the  hladder  increase  in  volume ;  it  swells  out, 
and  may  even  burst  under  the  interior  pressure  wliich  distends  its 
walls.  Let  the  air  agfiiu  into  the  receiver — it  immediately  returns 
to  its  primitive  volume ;  whicli  proves  at  once  that  air — and  any 
other  gas  would  conduct  itself  in  the  same  manner — i.s  elastic  and 
compressible. 


1^*^ 


These  two  properties  are  also  proved  hy  the  aid  of  the  fire-syringe. 
By  forcing  a  well-fitted  and  {.Teased  piston  into  a  glass  tuhe  filled 
with  air  (Fig.  60),  we  experience  a  slight  hut  increasing  resistance, 
and  the  volume  of  the  air  diniiuiHhcs  one-lialf,  two-thirds,  Ac.  This 
first  operation  proves  the  gi-eat  ci impressibility  of  gases.  Xow  the 
piston,  arrived  at  tlic  end  of  its  course  and  ahandoTied  to  itself, 
returns  spontaneously  to  its  original  position — a  proof  no  less  evident 
of  the  elasticity  of  the  air. 

As  compression  prodnees  lieat,  this  instrument  may  be  used  to 
light  a  piece  of  tinder  plated  under  the  piston ;  but  in  this  case  the 
compression  must  be  very  rapid.  Hence  the  name  given  to  the  in- 
strument. Gases  tlien,  like  liquids,  ai*  elastic  and  compressible  ;  but 
whilst  this  latter  property  is  very  slight  in  liquids,  it  is,  on  the 
contrary,  very  cnusiderablu  in  the  case  of  gases.  I-ct  ns  also  note 
that  if  liquid  molecules   liavo   a   cohesion   nearly  nil,  in  gases  the 
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molecules  luive  a  tendency  to  repel  each  other,  vhich  is  only  eounter- 
halanced  by  pressure  from  without.  Hence  it  follows  that  when 
this  pressure  diminishes,  the  volume  of  the  ^^^s  inci*eases;  in  liquids 

the  volume  remains  constant,  at  least  as 
lon<i  as  the  l>odv  retains  the  same  state. 

Lastly,  a  property  which  again  dis- 
tinguishes  liquids  from  gases,  is  the  very- 
feeble  comjiarative  density  t)f  these  latter ; 
whilst  tl)e  weight  of  a  litre  of  liquid 
may  l)e  as  hij^h  as  13r>(»G  grammes  Tthe 
weight  of  a  litre  of  mercury)  and  is  never 
lower  than  7l-^»  grammes  (ether),  the 
weight  of  a  litre  of  gas  or  vapour  never 
exceeds  2iJ  grammes  and  may  be  as  low 
as  9  centignimmes.  Moreover,  in  gases, 
as  in  lic^uids,  the  principles  of  equality  of 
l»ressure  and  of  equality  of  transmission 
of  pressure  in  every  direction,  are  indi- 
cated by  theory  and  verified  by  experi- 
ment ;  we  shall  have  occasion  soon  to 
give  some  examples  of  this.  AVe  will 
now  return  to  the  phenomena  due  to  the 
weiglit  of  the  air. 


Fn..  tn>.  — I'm  i.iii.ilif  ^}■riI^p•. 


We  have  seen  that  (lalileo  was  the  first  who  suspected  this  weight. 
The  history  of  this  important  discovery  is  well  known.  It  was  made 
in  10 40.  Some  Florentine  workmen,  ordered  to  construct  a  pump  in 
the  jKilace  of  the  (Irand  Duke,  were  greatly  astonished  that  the  water, 
in  sjiite  of  the  good  condition  into  which  they  had  put  the  instni- 
ment,  would  not  rise  to  the  upper  extremity  of  the  pij»e  of  the  body 
of  the  pump,  that  is  to  say,  beyond  »52  lioman  IV'et  (about  l()'3m.). 
The  learned  men— engineers  and  Horentine  academicians — being 
consulted  on  this  anomaly,  did  not  know  what  to  answer.  Tliey 
addressed  themselves  to  (Jalileo.  then  aired  seventv-six  veal's,  whose 
immense  reputation  had  not  In^en  shaken  by  persecutions.  Galileo  at 
first  gave  an  evasive  answer,  but  the  question  made  him  reflect;  he 
thought  that  the  j»ressure  of  the  air  was  the  cause  which  made  the 
water  rise  as  far  as  this  heitrht,  and  that  "  Nature's  abhorrence  of  a 
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vacuum"  was  an  idle  explanation,  since  it  must  be  then  supposed 
that  this  abhorrence  would  not  manifest  itself  beyond  a  given  height. 
He  first  proved  tlie  weight  of  the  air  by  weighing  a  bottle,  the  air  of 
which  had  been  expelled  by  the  vapour  caused  by  the  ebullition  of 
a  certain  quantity  of  water.  But  he  left  to  his  disciple  Torricelli  the 
care  of  ext<inding  the  verification  of  his  conjectures. 

A  year  after  the  death  of  Galileo,  it  occurred  to  ToiTicelli  to 
examine  how  mercury,  a  liquid  denser  than  water,  would  act  in 
vacuo. 

He  took  a  long  tube  closed  at  one  end,  which  he  filled  with  this 
liquid;  then,  covering  the  open  end  of  the  tube  with  his  finger,  in 
such  a  way  as  to  prevent  the  liquid  from  falling  out  and  the  air  from 
getting  in,  he  plunged  this  extremity  into  a  vessel  full  of  mercury; 
then,  leaving  the  liquid  to  itself,  he  held  the  tube  in  a  vertical 
position  (Figs.  61  and  62).  Torricelli  then  saw  the  liquid  descend 
from  the  top,  and,  after  a  few  oscillations,  settle  itself  at  a  level 
which  remained  nearly  invariable  at  28  Roman  inches  (76  centimetres) 
above  the  level  of  the  mercury  in  the  vessel. 

If  Galileo's  idea  was  right,  and  the  column  of  water  of  32  feet 
was  really  maintained  by  the  pressure  of  the  atmosphere,  the  same 
pressure  would  raise  the  mercury,  being  thirteen  times  and  a  half 
heavier  than  water,  to  a  height  thirteen  times  and  a  half  less.  Now, 
28  inches  are  thirteen  and  a  half  times  less  than  32  feet ! 

Such  is,  ill  its  simplicity,  this  grand  discovery.  Such  is  Torricelli's 
tube,  or,  as  it  is  now  called,  the  harometvr,  an  instrument  used  to 
measure  the  pressure  of  the  atmosphere.  It  was  not  without  oppo- 
sition that  the  explanation  of  Torricelli  on  the  elevation  of  water  and 
mercury  was  accepted  by  the  scientific  men  of  his  day.  But  addi- 
tional experiments  suggested  by  Pascal  left  no  doubt.  Pascal 
remarked  that  if  the  weight  of  the  air  were  really  the  cause  of  the 
observed  phenomena,  the  pressure  ought  to  be  less  in  proportion  as 
the  barometer  was  observed  at  a  greater  height  in  the  atmosphere,  as 
the  superposed  gaseous  colunm  above  the  exterior  liquid  would  be 
less.  Tlie  height  of  the  mercury  in  Torric(*lli's  tube  ought  then  to  be 
smaller  at  the  top  of  a  mountain  than  in  the  plain.  Hence  the 
famous  experiments  which  he  made  with  Perier,  his  brother-in-law, 
on  the  Puy-de-Dome,  and  those  which  he  executed  himself  at  the 
base  and  at  the  top   of  the  tower  of  Jacques  la  Boucherie.     The 
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results  wens  in  every  point  conformable  to  the  infereucea  drawn  from 
the  new  tlieorj-.' 

The  Leiglit  of  the  mercury  in  Torricelli's  tube  is  independent  of 
its  diameter,  provided  always  tliat  thia  diameter  be  not  too  small: 


^Igllt  uf 


for  then,  other  forces  which  we  shall  study  subsequently  havt;  a  great 
influence  on  the  level  of  the  liquid.  This  fact  is  a  very  natural 
'  "  I  biire  thought,"  wrote  Puscnl  lo  Pi-rier,  "  of  an  pxperiment  which  will 
remove  all  itoulit,  if  it  be  executed  with  oxiiclneisg.  Tlie  rxperiincnt  should  he  moilc 
(M  ivii'Mv  aeveml  timeii,  in  mie  diiy,  with  the  Mine  quicksilver,  » I  tlio  buttani  anrl 
nt  the  top  of  the  muiinliiin  of  Pii,v,  whii'h  vn  near  <iiir  (own  of  C'lennonL  If,  nn  I 
nnticijMtt',  the  bei^lit  i>f  the  iiiiii'ksilver  be  lesa  iit  l<>|i  thnn  a)  the  base,  It  will 
follow  that  the  wei;;hl  or  pressure  of  ihe  air  \*  the  cjiuse  of  thin  ;  llu're  certiiinly 
in  more  nir  to  pretu>  at  the  f'">l  of  ihc  mountain  than  at  ita  nonimil,  while  one 
cannot  «a;  th;it  Nature  abhora  a  vaeuiini  in  one  ]ibce  more  than  in  another." 
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consequence  of  the  equal  transmission  of  pressure  in  liquids  :  the 
column  of  mercury  acts  by  its  weight  on  all  the  mercury  in  the 
trougli,  so  that  each  element  of  surface  equal  to  the  section  of  the 
tube  is  pressed  equally  by  this  weight.  And  as  there  is  equili- 
brium, it  follows  that  the  pressure  of  air  on  this  same  unit  of 
surface  is  precisely  equal  to  the  pressure  of  the  mercury. 

Y/hat  must  we  conclude  from  this?  That  the  mass  of  tlie 
atmosphere  presses  on  the  earth's  surface,  as  if  this  surface  w^ere 
everywhere  covered  with  a  stratum  of  mercury  about  70  centimetres 
thick.  I^t  us  add,  that  the  pressure  in  tlie  air  being  transmitted 
equally  and  in  every  direction,  the  weight  of  the  atmosphere  makes 
itself  felt  wherever  tlie  air  penetrates  and  by  whatever  remains 
in  communication  with  it,  as  in  the  interior  of  houses,  in  cavities, 
and  on  the  surface  of  bodies.  This  explains  wliy  all  bodies  situated 
on  the  earth's  surface  are  not  crushed  by  this  enormous  pressure, 
which  is  not  less  than  10,'k53  kilogrammes  (about  10  tons)  on  the 
average  on  each  S(iuare  metre  of  surface.  Tlie  surface  of  the  human 
l)ody  being  nearly  a  square  metre  and  a  half  in  a  person  of  average 
height  and  size,  each  of  us  always  supports  a  load  which  is  about 
Qi\mi\  to  15,500  kilogrammes  (nearly  15  tons).  We  have  just  given  the 
reason  why  this  load  does  not  crush  us :  all  the  pressures  exercised 
on  every  part  of  our  body  and  from  within  produce  e<iuilibrium. 

But  at  first  sight  it  seems  incomprehensil)le  that  we  are  not  ground 
to  dust  under  the  effect  of  these  contrary  pressures.  The  reason  is 
very  simple.  All  the  fluids  contained  in  our  organism  act  against 
the  pressure  of  the  atmosphere,  and  it  is  this  constant  reaction  which 
explains  our  insensibility  to  pressure,  and  the  absence  of  the  pheno- 
mena which  the  pressure  of  the  air  would  cause,  a.s  at  first  supposed. 
Tliis  reaction  is  not  a  simple  hypothesis,  as  the  process  of  "  cu})]>ing  " 
proves.  "Cui)s"  are  small  vessels  of  metal  or  glass,  which  are  applied 
to  the  skin :  a  vacuum  being  made  inside  them,  the  skin  swells  uj), 
the  small  veins  burst,  and  the  blotxl  flows  out,  because  it  is  no 
longer  maintained  in  the  veins  by  atmospheric  pressure. 

In  the  various  courses  of  physics,  some  interesting  experiments 
are  introduced  to  show  the  energy  of  atmospheric  pressure.  These 
we  will  rapidly  describe. 

One  of  the  flrst  known  is  that  of  the  Magdeburg  hemis])heres  : 
it  is  attributed  to  Otto  de  (iuericke. 
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Two  copper  hemispheres  fitting  one  into  the  other,  in  such  a  way 
as  to  fonn  a  hollow  si)here,  are  fixed  by  a  stopcock  to  the  pii)e  of  the 
air-pump  (Fi^.  G3).  While  they  are  full  of  air,  the  slightest  effort  is 
sufficient  to  separate  them.  But  when  a  vacuum  is  made  in  the 
interior  of  the  sphere,  it  re([uires  a  considerable  effort  to  effect  the 
sei)aration.  This  is  eJisy  to  account  for,  since  the  pressure  on  two 
hemispheres  of  only  2  decimetres  (about  8  inches)  in  diameter,  is 
324  kilogrammes  (al>out  G  cwts.)  on  each  of  them. 

In  one  of  his  experiments,  the  illustrious  burgomaster  of  Magde- 
burg caused  each  hemisphere  to  be  pulled  by  four  strong  horses 
without  being  able  to  sepamte  them ;  the  diameter  of  the  hemispheres 
being  (j^  centimetres,  the  pressure  was  3,428  kilogrammes.  The  total 
pressure  on  the  hemispheres  is  greater  even  than  this ;  but  here,  it 
is  only  a   question    of  that  which   is   exerted   in   the   direction   of 
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resistance,  whi<h  equals  on  either    side   the  ja'essure  on  a  circle  of 
the  same  dianu^ter  as  the  sphere. 

Another  experiment  consists  in  making  a  vacuum  in  a  vessel,  over 
the  mouth  of  which  a  bladder  luis  been  stretched,  which  prevents 
the  air  from  getting  in.  As  the  vacuum  point  is  a])j)roached,  the 
membrane  is  (h*pressed  under  the  weight  of  the  exterior  air,  and 
at  la.st  it  bur.>t3  :  Fig.  04),  a  loud  detonation  similar  to  that  of  a 
pistol-shot  accompanying  the  rupture;  this  detonation  is  evidently 
owinj;   to   the    sudden   entrance  of   the    air   into   the  cavitv  of  the 
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veasel.  An  apple  applied  to  the  end  of  a  thin  metallic  tube, 
in  the  interior  of  which  a  vacunm  is  made,  being  pressed  by  the 
weight  of  the  atmosphere,  is  cut  by  the  ed-^es  of  the  tnlie,  and 
a  part  thus  penetrates  into  the  interior. 

Lastly,  there  is  a  enrious  experiment  which  demonstrates  the 
pressure  of  the  air  on  the  surface  of  litjiiids.  A  cylindrical  glass  bell 
jar,  mounted  on  a  metallic  stand,  is  furnished  with  a  tube  and  stop- 
cock, which  allows  of  its  beinj;  screwed  on  to  the  air-pump,  and  a 


I  being  made  in  its  interior.  Wlien  the  vacuum  is  made,  the 
lower  end  of  the  lube  is  immersed  in  a  basin  filled  with  water,  and 
the  tap  is  turned,  which  ojiens  the  communication  twtween  the 
interior  of  the  vessel  and  the  liquid,  Tlie  atmospheric  pressure 
which  is  exerted  on  the  water  in  the  bii-sin  causes  a  jet  which 
strikes  the  top  of  tiie  bell  jar  (Fig.  CCi). 

In  what  has  preceded,  we  have  sujiposed  that  the  weight  of  the 
column  of  air  was  the  only  cause  of  the  atmospheric  pressure ;  that 
this  pressure  was  com^tant ;  ami  that  it  was  equivalent,  on  a  given 
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Miirfaco,  to  tli(}  w<;i^lit  of  a  column  of  water  of  32  feet,  or  \0'o'o 
iii(»tn;H,  or  to  tliat  of  a  column  of  mercury  of  30  inches,  or  76  centi- 
nnetrefl,  liavin^  the  same  8(?ctional  an;a.  But  experiment  proves  that 
tills  pr(^ssure  is  subject  to  variations,  even  in  the  same  place. 
FurthiT  on,  we  shall  study  these  variations  in  their  relation  to 
meteorolo^^ical  }»h(;nomena;  but  for  this  purpose  we  must  possess  an 
instrument  which  indicates  them.  This  instrument,  which  in  prin- 
ciple is  no  other  than  Torricelli's  tube,  and  which  is  called  a 
kirometer,  deserves  a  detailed  description.  It  has  been  diflferently 
arran<5(id  ac^cc^rdin^  to  the  use  to  which  it  is  destined,  and  with 
tlie  object  of  reiiderin*,'  its  indications  precise. 

Th(5  most  simple  and  at  i\m  same  time  the  most  exact  barometer 
is  notliing  more  than  a  tube  of  ^lass,  which  is  chosen  straiglit, 
rcguhirly  cylindrical  and  perfectly  homogeneous,  of  a  diameter  about 
three- quartei's  of  an  incli,  or  2  or  3  centimetres.  It  is  immersed, 
after  havini^  been  fdled  with  mercury,  in  a  trough  filled  with  tlie 
same  li<iuid. 

The  trough  and  the  tul>e  are  fixed  against  a  vertical  support,  and 
remain  in  the  jdace  where  the  observations  are  to  be  made.  It 
is  notliing  more,  as  is  seen,  than  a  Torricelli's  tube.  But  to  properly 
arrange  it,  various  pn»cautions  must  be  taken,  the  in)portanc(»  of 
which  is  very  obvi(»us,  and  which  are  equally  necessary  for  the 
construction  of  other  barometers. 

Tlius,  it  is  (»ssential  that  the  mercurj'  used  be  of  great  purity. 
This  is  arrived  at  l)y  acting  upon  oxide  of  mercury  with  nitric  acid ; 
and  great  care  must  esi)ecially  l)e  taken  that  it  does  not  contain 
air-bubbh's,  as  their  lightness  wouhl  cause  them  to  rise  along  the 
Ki(h*s  of  tlie  tul)e  into  the  vacuum,  whii.'h  is  called  the  Torricellian 
vacuum.  AijUeous  vapour  and  air.  Inking  elastic  gase.s,  would  press 
the  upper  Ic^vel  of  the  mercury,  so  that  its  height  would  not  indicate 
merely  the  jjressun*  of  tlu^  atmo.sphei^*.  To  effect  this,  the  tube  must 
1h»  dried  and  iM»rfectly  cleaned  before  filling  it.  Once  filled  with 
mercury,  tin*  liquid  is  boiled  over  some  burning  charcoal,  until  all 
the  air-bubbles  which  it  contains  are  expelled.  At  this  moment  the 
aspcrt  of  the  mcnurv  should  resemble  a  bright  mirror;  the  bright 
and  nictalli<*  luslre  with  which  it  .chines  indicates  a  ix'ifect  jmrity, 
iiidis|M'nsablc  for  the  present    purpose. 

The   largt'   <lianieter  of  the   tube  which    forms    the   sftnufunf  or 
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normal    barometer    possesses    this     advantage    over    smaller    ones, 
that  it  gives  a  level  to  the  mercurial  column  which  is  not  altvied 
by  the  molecular   force   called   ciipillaiity.     la  this  instrument,  in 
order  to   olttain   the   height   of   the    barinuuter,   it   is   soffivient   to 
measure  the  verticnl  distance 
which  separates  the  upper  level 
from  that  of  the  mercury  in 
the  trough.     This  is  done  with 
a  special  instrument  called  a 
cathetometei-,  which  is   com- 
posed essentially  of  a  dividet! 
scale   on  which  a  horizontal 
glass  vernier  moves. 

There  may  be  seen  nri 
Fifj,  66,  which  represents  a 
standard  barometer,  a  double 
screw  fixeil  to  the  trough. 
The  lower  end  should  be  on  :l 
level  with  the  mercury,  whicii 
18  easily  accomplished  by 
means  of  the  screw,  and  it  is 
the  distance  from  the  npjier 
jxjinl  of  ibis  screw — which 
the  draughtsman  has  forgotten 
to  figure — to  the  upper  level 
of  the  mercury  in  the  tube 
which  the  cathetonie'.er  gives. 
By  adding  to  it  the  constant 
length  of  the  screw,  we  have 
the  height,  or  the  atmospheric 
pressure  sought  for. 

The  cistern  baroineter  is  dis- 
tinguished from  the  preceding 
one  by  linving  .i  glass  cistern 

into  whioli  the  tube  is  inserted  (Fig.  Ii7);  possessing  a  Inige  surface, 
the  level  of  tiie  mercury  in  it  may  be  considered  as  constant 
The  stand  on  which  the  instrument  is  fixed  is  furnished  with  a. 
graduated  scale,  on  wliich  slides  a  moveable  index  placed  in  such 
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a  v^ay  that  its  upper  eilfju  is  on  ji  level  witli  tlie  surface  of  the 
mercury.  The  zero  of  the  scale  l>ein'^  by  hyiiothesia  tlie  level  uf 
the  mercury  in  the  cisU^ni,  the  readiiiK  of  the  height  is  made  nt 
once  on  the  scale.  Lastly,  the  scale  is  furnished  with  a  vernier, 
which  gives  the  fractions  of  millimetres  or  inches.  The  arrangement 
which  renders  this  instniment  leas  perfect  than 
the  preceding,  is  that  the  level  of  the  cistern  ov 
the  zero  of  the  scale  is  su))posed  to  be  constant ; 
whereas  under  the  influence  of  the  variations  of 
temperature  the  glass  nnd  the  mercury  eximiul, 
and  this  produce.s  variations  in  the  position  of 
the  zero  point.  Frequently,  after  a  time,  these 
accidental  variations  produce  a  permanent  altem- 
I  tion,  and  the  scale  has  to  be  rectified. 

The  barometers  suggested  by  Fortin,Gay-Lussac, 
and  Bunten  are  not  liable  to  these  inconveniences. 
But  as  lliey  are  principally  constructed  with  the 
object  of  Ixiing  easily  transported,  the  diameter 
of  the  tube  is  smaller  than  in  a  standard  baro- 
meter, so  that  capillarity  depresses  the  upper 
level  of  the  mercury.  The  observations  made 
with  these  instruments  require  therefore  a  cor- 
rection to  free  the  readings  from  this  eiTor. 
But  in  Gay-Lussoe's  barometers  and  those 
of  Bunten,  as  in  the  standard  barometer,  tlio 
height  is  measured  by  two  corresponding 
scales  at  the  two  levels  of  the  liquid,  so  that 
the  difference,  with  all  coiTections  made,  gives 
the  real  atmospheric  pressure.  In  that  of  Fortin, 
the  zero  point  is  maintained  constant  by  an 
FIO.S8.— ci.t^mritFi.rtiiii.  ingenious  contrivance  which  will  be  easily  com- 
I)reliended  fram  Fig.  08. 
We  ha\e  a  section  of  the  cylindrical  cistern  which  encloses  the 
mercury  in  which  the  slender  ]>art  of  the  tube  is  intmersed.  The 
upi>er  part  of  ihe  cylinder  is  of  glass,  and  shows  the  level  of  the 
liquid.  A  metallic  point  in  the  interior  indicates  the  jKisition  of 
the  zero  of  the  scule  and  the  level  fjie  mercury  ought  to  attain 
cveiy  time  an  r.bsi-rvation  has  t"  be  niiidc.     As  the  mercury  rests 
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on  a  bag  of  impenneable  leather  connected  with  the  luwer  walls  or 
the  cistern,  and  as  the  luetallic  base  is  traversed  by  a  screw,  the 
end  of  which  presses  against  the  elastic  hag,  it  follows  that  we  can 
at  will  raise  or  depress  the  bottiini  of  the  liquid,  or,  wlmt  is  the 


same  thing,  raise  or  depress  its  surface,  and  thus  obtain  the  level 
required.  For  travelling,  in  order  that  the  movements  of  the  mercury 
nay  not  break   the   tube,   the   screw   is    raised,   until    the   cisteru 
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ia  entirely  full  in  its  upper  part.  Aa  all  the  apparatus  is  enclosed 
in  a  brass  cylinder,  which  preserves  it  from  shocks,  the  level  of 
the  mercury  of  the  tube  is  observed  through  two  longitudinal 
apertures,  on  opimsitc  sides,  wliich  enables  us  to  view  the  glass 
tulie ;  on  the  edges  of  these  apertures  the  divisions,  in  inches  or 
uii Hi  metres,  of  the  scale,  which  has  its  zero  at  the  constant 
level  determined  by  the  position  of  the  cistern,  are 
engraved.  An  index,  furnished  with  a  vernier  and  a 
milled  bead,  which  enables  it  to  be  moved  by  the  aid  of  a 
rack  and  pinion,  gives  tlie  precise  position  of  the  level  on 
the  scale,  and  the  height  in  hundredths  of  millimetres  or 
inches.  The  apparatus  is  supported  by  a  tripod  resting 
on  the  ground,  and  care  must  always  be  taken  to  place 
the  tube  in  a  vertical  position,  which  is  rendered  ea^  by 
its  mode  of  suspensioa 

Kortin's  barometer  is  convenient  for  scientific  explora- 
tions, because  the  air  cannot  enter,  and  the  movements 
and  joltings  inseparable  from  travelling  cannot  break  it. 
The  readings  require  to  be  corrected  from  the  effect  of 
capillarity.  Moreover,  as  temperature  causes  the  density 
of  liquids  to  vaiy,  a  correction  must  also  be  made  to 
eliminate  this  scarce  of  error. 

rig.  70  shows  the  arrangement  of  Gay-Lussac's  baro- 
meter as  modified  by  JJunteu.     Two  portions  of  the  same 
tube  are   united  by  a  very  narrow  or  capillary  one.     A 
small  opening  allows  the  air  to  penetrate  above  the  lower 
ui™iiter     Icvel.      The   bfli-ometric   height   is   measured  on  a   scale 
BuniSn!"''   divided  in  millimetres  or  inches,  the  height  of  the  upper 
level  being  tnken,  and  the  height  of  the  lower  level  being 
Biibtracted  from  it ;  the  ditference  evidently  giving  the  pressure.     Aa 
the  tubes  have  the  same  diameter,  Gay-Lussac  thought  it  would  be 
unnecessary  to  con-ect  for  the  influence  of  capillarity;  unfortunately, 
however,  it  has  been  found  that  this  influence  is  not  the  same  in 
tlie  barometric  vacuum  and  in  the  lower  tube.     This  is  unfortunate, 
lis  the  in-stHniieiit  is  easy  to  transport,  is  not  lai-ge,  and  the  air  can 
'inly  with  diflicuily  penetrate  the  barometric  chamber,  on  account 
(if  the  slight  diuniirter  of  the   intermwliate  fube.     In   triivoUing  it 
is   invi-rted.      Tim    inodilicatiun    designed   by    liuntcn    renders   the 


CHAP,  vni.]       WEIGUT  OF  THE  ATE  AND  OF  OASES. 


yu 


introduction  of  air  still  more  difficult,  since  if  the  bubbles  penetrate 
along  tlie  walls  of  the  tube,  they  lodge  themselves  in  the  narrow 
space  in  the  widest  part  of  tlie  capillary  tul)e,  and  have  no  action 
on  the  level  of  tlie  mercury. 

Some  of  our  readers  will  perhaps  be  anxious  to  know  by  what 
means  the  variations  of  the  atmospheric  pressure  can  be  indicated 
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Fig.  71.— Dial  or  wlicfl  banuiK'ter. 


by  a  moveable  needle  on  a  graduated  dial.  The  dial  or  wheel 
barometei's,  to  which  we  allude,  are  not  of  gi'eat  scientific  value, 
because  they  are  rarely  constructed  with  sufficient  precision ;  they 
are  used  in  rooms  as  ornamental  objects.  The  dial-barometer  is 
composed  of  a  siphon  tube,  the  open  br.mch  of  which  (Fig.  71) 
supports  an  ivory  float.  This  float  rises  and  falls,  and  by  its  motion 
turns,  by  means  of  a  silken  thread,  a  pulley  on  the  axle  of  which 
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the  needle  is  fixe<l.  T)ie  needle  turns  iu  either  directiun,  according 
as  the  surface  of  tiie  liquid  ris»t  or  falls ;  the  dial  is  divided  hy 
comparing  it  with  a  fixed  barometer.  We  shall  see  further  on  what 
is  signified  by  the  weather  indications  whicli  we  are  accustomed  to 
see  written  against  the  different  divisions  of  the  dial. 

For  many  years  metallic  or  aneroid  barometers  have  been 
Bubstitated  with  advantage  for  these  instmments,  the  indications 
of  which  are  only  of  inferior  precision.  These  are  based  on  the 
elasticity  and  the  flexion  of  metals  formed  into  thin  plates.  A 
flattened  brass  tube,  the  section  of  which  is  elliptical,  ia  exhausted 
of  air   and    carefully   closed  {Fig.  72).     It   is  curved  in  the  form 


of  an  arc  of  n  cirt;le,  and  fixed  at  its  middle  point,  so  that  the 
disengaged  extremities  of  the  two  halves  of  the  tabe  can  oscillate 
on  either  side  this  hxed  point.  When  the  barometric  pressure 
increases,  the  jiresi^ure  fiattens  tlie  tube,  which  effect  causes  the 
curvature  of  the  two  arcs  to  augment,  and  their  free  extremities 
approach  each  other;  the  opposite  takes  place  if  the  pressure 
diminishes.  Tlie  disengaged  extremities  of  the  tube  are  con- 
nected with  levers  which  move  the  axis  of  a  cogged  sector.  The 
needle  of  the  dial,  whit-h  is  connected  by  a  pinion  to  this  sector, 
moves  either  in  one  direction  or  the  other,  and  in  this  manner 
traverses  the  divisions  on  the  diiil.  which  are  enf^raved  by  comparison 
with  n  standard  biiromptcr. 
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In  the  aneroid  represented  in  Fig,  73,  the  pressure  of  the  air  is 
exerted  on  the  corrugated  top  of  a  metallic  drum,  the  interior  of 
which  has  been  exhausted  of  air.  When  the  pressure  augments,  this 
top  sinks  down ;  it  rises,  on  the  coutrarj',  if  the  pressure  diminishes, 
and  its  movements  are  transmitted  to  a  needle  by  a  peculiar  mecha- 
nism, the  detailed  description  of  wliich  would  here  be  superfluous. 


The  invention  of  this  barometer  is  due  to  M.  Vidi.      It  has  been 
recently  perfected  by  an  English  optician,  Mr.  Cooke. 

This  kind  of  barometer  is  preferable  t«  the  dial-barometers, 
although  from  time  to  time  it  is  necessary  to  modify  the  graduation 
or  to  apply  corrections  on  account  of  the  variations  to  which  the 
molecular  state  of  the  tube  in  the  Bourdon  barometer,  or  that  of  the 
metallic  box  and  of  the  antagonistic  spring  in  Vidi's  instrument,  is 
subject. 
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CHAPTER  IX. 

WEIGHT   OF  THE  AIR  AND   OF  GASES   (continued) .—YXVi}^ — 

MARIOTTE*S   LAW — THE  AIR-PU5IP. 

Principle  of  the  ascent  of  liquids  in  pumps — Suction  and  force  pumps — The 
siphon — Air-pump  ;  principle  of  its  construction — Doable  and  single  barrel 
air-pumps — Condensin^^  pum|)s — IVIariotte's  law. 

npHE  discoveries  of  the  weight  of  the  air  and  of  atmospheric 
•^  l)ressure  only  took  place  a  little  more  than  two  centuries  ago. 
But  long  before  Torricelli  and  Galileo,  the  application  of  the  principle 
had  taken  precedence  of  the  theory,  as  is  proved  in  the  account  we 
have  given,  which  history  has  handed  down  to  us.  It  is,  in  fact, 
the  pressure  of  the  air  which  is  the  cause  of  the  ascending  movement 
of  water  in  pumps.  Now,  the  invention  of  these  useful  instni- 
ments  is  generally  attributed  to  Ctesibus,  a  celebrated  geometer  and 
mechanician,  who  lived  at  Alexandria  130  B.C.,  or  about  a  century 
after  Archimedes. 

We  shall  now  describe  bricflv  the  different  instruments  known 
under  the  name  of  pumps,  the  object  of  which  is  the  movement  of 
licjuids  and  gases,  keeping  here  particularly  in  view  the  explanation 
of  the  action  of  these  instruments :  we  shall  return,  in  the  volume 
which  will  treat  of  the  applications  of  physics,  to  the  detailed  descrip- 
tion of  those  which  have  a  special  use  in  the  industrial  arts. 

Let  us  take  a  hollow  cylinder,  in  which  a  piston  furnished  with 
a  rod  may  be  moved  up  and  down,  and  in  the  bottom  of  which  an 
orifice  is  nuule  (Fig.  74).  The  piston  Imving  been  lowered  to  the 
bottom  of  the  cvlinder,  the  instrument  is  immersed  in  a  vessel  or 
reservoir  full  of  water ;  tlien  the  piston  is  raised  by  its  rod.  What 
happens  {     The  space  vf»id  of  air.  which  the  ])iston  leaves  under  it 
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in  its  ascending  movement,  will  be  filled  with  water,  first  until  the 
level  of  the  water  is  the  same  in  the  cvliuder  as  in  the  reservoir : 
this  takes  place  in  virtue  of  the  principle  of  the  equilibrium  of 
liquids  in  communicating  vessels,  so  that  this  would  happen  even  if 
there  was  air  under  the  piston.  But  the  water  still  rises  above  this 
level,  keeping  in  contact  with  the  piston, 
the  lower  surface  of  which  it  constantly 
touches ;  and  it  is  easy  to  understand  that 
its  movement  is  due  to  the  pressui*e  which 
the  outer  air  exerts  on  the  liquid  surface 
of  the  reservoir. 

Let  us  suppose  that  the  cylinder  has 
an  elevation  of  more  than  32  feet :  the 
liquid  column  will  rise  until  it  attains 
about  this  height.  At  this  moment  its 
weight  is  in  equilibrium  with  the  pres- 
sure of  the  atmosphere ;  if  the  piston  con- 
tinues to  rise,  the  water  will  not  follow 
it.  This  is  precisely  the  obstacle  which 
the  Florentine  workmen  encountered,  and 
which  caused  the  physicists  belonging  to 
the  Court  of  the  Grand  Duke  to  believe 
that  Nature  ceased  to  abhor  a  vacuum 
beyond  32  feet. 

Such  is  the  principle  of  the  pump  to  which  is  given  the  name  of 
suction-pump,  because  the  piston  appears  to  suck  up  the  liquid  as  it 
rises.  We  will  now  show  how  the  instrument  is  generally  arranged 
when  it  fulfils  the  object  for  which  it  is  intended ;  that  is,  to  give 
us  a  supply  of  water  which  has  been  raised  to  a  certain  height  above 
the  level  of  the  reservoir. 

The  cylinder,  or  the  body  of  the  pump,  is  furnished  with  a  cylin- 
drical tube  of  small  diameter,  the  lower  extremity  of  which  is  placed 
in  the  reservoir.  At  the  junction  of  the  cylinder  and  tube  a  valve  is 
fitted,  which  opens  upwards.  The  piston  has  itself  one  or  more  open- 
ings, furnished  with  valves,  whose  action  is  in  the  contrary  direction 
to  the  first  (Pig.  75),  It  will  now  be  seen  what  will  happen  when 
we  give  an  alternate  movement  to  the  piston  in  the  body  of  the 
pump.     At  its  first  ascent  a  vacuum  is  made  under  it.     The  air  in 
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the  suction-tube  lifts  tlie  valve  by  its  pressure,  and  the  water  rises  to 
a  certain  lieight.  When  the  piston  again  descends,  the  air  which  is 
introduced  into  the  body  of  the  pump  is  compressed :  on  the  one 
hand,  its  pressure  closes  the  lower  valve,  and,  on  the  other,  it  lifts  the 
valves  of  the  piston  and  it  escapes  upwards.  At  each  movement  the 
water  rises  higher  and  higher,  and  at  last  comes  in  contact  with  the 
lower  wall  of  the  piston,  and  passes  through  the  valves  to  its  upper 
surface.  It  will  be  easily  seen  how  the  water  is  forced  to  flow  out 
by  a  lateml  orifice  at  the  upper  part  of  the  pump.     Moreover,  once 

the  pump  is  in  action,  when  the  piston 
rises,  a  vacuum  is  made  beneath  it,  and  the 
water  continues  to  press  against  its  lower 
side.  The  valve  of  the  suction-tube 
remains  constantly  open,  and  the  ascent 
;  of  the  water  is  determined  by  the  move- 
ment of  the  piston. 

Tlie  effort  necessary  to  raise  and  lower 
the  piston,  when  the  pump  is  in  action,  is 
easily  measured.  If  the  piston  descends, 
its  own  valves  are  open;  the  pressures 
transmitted  to  its  opposite  sides  by  tlie 
liquid  are  equal  the  one  to  the  other,  and 
consequently  are  counterbalanced,  and  the 
only  resistances  felt  proceed  from  the 
friction  of  the  liquid  and  the  piston.  But 
if  the  piston  is  raised,  the  atmospheric 
pressure  is  alone  annulled,  as  it  is  exerted 
on  the  reservoir  on  the  one  hand,  and  on 
the  upper  level  of  the  liquid  on  the  other, 
and  the  effort  required  is  measured  by 
the  weight  of  a  column  of  water,  having 
for  its  base  the  surface  of  the  piston,  and  for  its  height  the 
vertical  distance  between  the  two  levels  of  the  liquid.  If,  for 
example,  this  distance  is  2  metres,  and  the  base  of  the  piston  is 
1  square  decimetre,  it  will  require  a  force  of  20  kilogrammes  to 
raise  the  piston,  without  taking  into  account  the  resistances  due 
to  friction. 

Experiment  shows  that  it  is  not  possible  to  give  to  the  suction- 


h 


Flu.  76.— biution-i»uiup. 


CHAP.  IX.]  WEIOUT  OF  THE  AIR  AND  OF  GASES. 


105 


pump  a  depth  of  more  than  about  20  feet,  instead  of  32  feet  as 
indicated  by  theory.  The  reason  of  this  lies  iu  the  escape  of  air  and 
water  which  always  takes  place  between  the  pump  itself  and  the 
piston ;  besides,  the  wafer  of  the  reservoir  nearly  always  contains  air 
iu  solution,  and  this  frees  itself  from  the  liquid,  because  it  is  brought 
up  to  a  region  of  less  pressure. 

In  the  force-pump  (Fig.  70)  the  body  of  the  pump  is  immersed  in 
water,  so  that  the  liquid  is  introduced  into  it  by  simple  communi- 
cation.    Moreover,  the  pisto:i  is  solid,  and  the  tube  used  to  raise  the 
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water,  starting  from  the  lower  part  of  the  pump,  is  furnished  at  the 
point  of  junction  with  a  valve  which  opens  towards  the  outside.  The 
piston  in  its  descending  course  presses  the  water,  this  pressure  shuts 
the  valve  of  the  pump  and  opens  that  of  the  conducting  pipe,  and 
forces  the  liquid  out. 

The  suction  and  force  pump  (Fig.  77)  combines  the  arrangements 
of  both  the  pumps  we  have  just  described.  The  ascent  of  the  water 
is  caused  by  suction ;  and  since  the  piston  is  solid  {i.e.  is  not  fur- 
nished with  valves),  in  coming  down  it  presses  the  liquid  into  the 
lateral  tube. 


106 


PHYSICAL  PHEXOMEXA. 


[book  I. 


We  will  now  describe  an  instrument  known  to  most  people — the 
siphon — which  is  of  great  use  in  transferring  liquids  from  one  vessel 
to  another :  it  is  the  pressure  of  the  air  which  causes  the  action  in 
this  case  also.  A  tube  formed  of  two  curved  branches,  of  unecjual 
length,  is  filled  with  part  of  the  liquid  which  is  to  be  transferred, 
and  its  shortest  branch  is  immersed  in  the  vessel  which  contains 
this  liquid  (Fig.  78).  As  soon  as  this  is  done,  the  liquid  is  seen  to 
flow  from  the  opening  at  the  end  of  the  longest  branch,  as  long 
as  the  shortest  remains  immersed. 

What  is  the  cause  of  this  continual  flowing?  Nothing  is  more 
easy  to  explain.     At  the  surface  of  the  liquid  in  the  vessel,  and  at  the 
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lower  and  fi'ee  extremity  of  the  tube,  the  atmospheric  pressure  is 
exerted  with  almost  equal  intensity  and  in  contrary  directions.  At 
the  point  where  the  tul>e  is  in  the  vessel,  this  pressure  serves  to  raise 
the  liquid  in  the  smallest  branch,  and  would  maintain  it  there  in 
e<[uilibrium,  if  tlie  len^^liof  tlie  two  branches  were  the  same  and  both 
the  ends  were  immei*scd  in  it.  Hence  it  follows  that  all  the  portion 
of  the  licjuid  contained  in  the  tube  and  exceeding  the  level  of  the 
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vessel,  remains  in  equilibrium  under  the  influence  of  these  opposite 
pressures.  There  remains  tlien  in  the  large  branch  of  the  siphon  a 
column  of  water  whose  gravity  disturbs  the  equilibrium  and  deter- 
mines the  direction  of  flow. 

It  might  be  imagined  that  when  once  the  liquid  in  the  tube  had 
escaped,  the  action  would  stop ;  but  it  must  be  remarked  that 
to  do  this  the  two  branches  of  the  liquid  must  be  separated  by  a 
vacuum,  which  the  pressure  exerted  on  the  liquid  in  the  vessel  by  the 
atmosphere  tends  continually  to  fill,  so  that  in  reality  this  separation 
does  not  take  place,  and  the  flowing  continues. 

The  forms  of  siphons  differ,  according  to  the  use  to  which  they 
are  destined,  and  also  according  to  the  nature  of  the  liquid  to  be 
transferred.  We  shall  describe  some  of  them  in  another  volume, 
when  we  explain  their  applications  in  great  hydraulic  works. 

It  only  remains  now  for  us  to  terminate  the  study  of  the  pheno- 
mena of  gravity,  by  describing  the  instruments  which  are  used  to 
exhaust  the  air  from  a  receiver,  or  any  vessel,  or,  on  the  other  hand, 
to  compress  it  there  ;  then  by  stating  how  the  pressures  of  gases 
are  determined,  and  according  to  what  laws  these  pressures  vary 
when  the  volume  which  they  occupy  is  made  to  vary. 

Torricelli's  experiment  on  the  tube  gave  a  very  simple  means  of 
making  a  vacuum,  and  a  vacuum  as  perfect  as  possible ;  for  the 
space  situated  above  the  column  of  mercury,  which  has  received  the 
name  of  the  barometric  chamber,  is  a  perfect  vacuum.  But  if  the 
process  is  simple,  it  is  far  from  being  practical,  since  it  would 
necessitate  the  use  of  an  enormous  (quantity  of  mercury,  if  the  space 
which  we  washed  to  rarefy  were  considerable,  and  moreover  the  pre- 
cautions required  to  be  taken  at  each  operation  would  be  irksome. 
Thus  long  ago  other  means  were  sought.  It  was  in  1654  that  the 
first  air-pump  was  thought  of  and  constructed.  Otto  de  Guericke 
was  the  inventor,  and  we  have  quoted  many  curious  experiments  due 
to  this  able  physicist.  It  soon  received  important  improvements 
from  Boyle,  Papin,  !Muschenbroek,  and  Gravesande.  At  first 
it  was  only  formed  of  one  cylinder  ;  but  the  necessity  of  having 
two,  to  get  rid  of  the  great  resistance  which  is  felt  while  using 
it,  was  soon  rendered  obvious.  As  it  is  not  in  our  programme 
to  give  the    history  in  detail   of   the   progress   of   any  mechanical 
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inatrnments,  we  will  describe  the  air-pump  aa  it  is  now  used  by  all 
physicists. 

And  firat  let  ue  deal  with  the  principal  arrai^ment&  Let  oa 
imagine  two  cylinders,  each  furnished  at  the  bottom  with  a  valye 
which  opens  upwards,  and  with  a  piston  having  an  orifice  closed  by 
a  valve  which  opens  in  the  same  direction.  The  two  orifices  in  the 
base  of  the  cylinder  communicate  by  a  common  pipe  with  a  well- 
ground  glass  plate,  on  which  the  receiver  is  placed,  and  at  the  centra 
of  which  is  the  opening  of  the  pipe.  Fig.  79  shows  in  section  one 
of  the  cylinders,  its  two  valves,  and  the  communicating  canal.  The 
action  of  this  half  of  the  instrument  being  well  understood,  it  will 
be  easy  to  comprehend  the  whole. 

Let  us  begin  at  the  moment  when  the  piston  tonches  the  lower  part 
of  the  cylinder.     The  receiver  is  filled  with  air  at  the  atmospheric 

At  the  moment 


when  we  raise  the  piston,  a 
vacuum  is  made  in  the 
lower  part  of  the  cylinder. 
The  air  of  the  receiver 
which  filled  the  communi- 
cating canal  lifts  up  the 
lower  valve  by  its  elastic 
force  and  spreads  itself  in 
the  vacuum,  the  valve  of ' 
the  piston  being  kept  shut 
by  the  pressure  of  the  air 
which  is  exerted  externally 
on  all  the  surface  of  the 
piston.  This  passage  of  air  from  the  receiver  into  the  cylinder  takes 
place  until  the  piston  has  reached  its  highest  position.  It  is  clear 
that  at  this  moment  the  quantity  of  air  contained  in  the  receiver  baa 
diminished,  and  that  it  has  diminished  one-half,  if  the  volume  of 
tlie  cylinder  is  precisely  equal  to  the  volume  of  the  receiver. 

Let  ua  now  send  the  piston  in  a  contrary  direction.  At  the  moment 
when  it  begins  to  descend,  the  capacity  of  the  cylinder  diminishes, 
the  pressure  of  the  air  which  it  contains  increases,  exceeds  that  of  tlie 
air  of  the  receiver,  and  the  lower  valve  is  closed.  Then,  in  propor- 
tion as  the  descent  of  the  piston  lessens  the  capacity,  the  confined 
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air  increases  in  density :  on  our  assumption  of  its  cupacity,  this 
density  will  again  become  equal  to  tliat  of  tlie  atmosplieric  air,  as 
soon  as  the  piston  attains  half  of  its  course.  Beyond  tliis  point  the 
interior  pressnre  increases,  lifts  up  the  valve  of  the  piston,  and  the 
air  escapes  altogether,  until  the  piston  again  rests  on  the  lower  part 
of  the  cylinder. 

This  single  up-and-down  movement,  analysed  in  its  effects,  explains 
the  whole  of  the  opemtion,  as  it  has  sufficed  to  rarefy  the  air  iu 
the  hell-jar  one-half:  that  which  remains  will  be  again  rarefied  at  a 


second,  then  at  a  third  trial,  and  so  on.  The  pressure  will  become  the 
quarter,  eighth,  and  then  the  sixteenth  of  the  first  pressnre,  as  we 
shall  soon  see  in  explaining  Mariott«'s  law.  This  proportion  would 
of  course  change,  if  the  ratio  of  the  capacity  of  the  cylinder  to  that 
of  the  receiver  were  changed. 

Figs.  80,  81,  82,  and  83  will  now  explain  the  real  arrangement  of 
the  air-pump,  and  show  the  utility  of  the  second  cylinder.  The  first 
shows  bow  the  two  valves  are  placed,  that  in  the  piston  and  that  at 
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the  bottom  of  the  cylinder.  The  valve  of  the  piston  is  a  small 
plate  «,  with  a  li;^ht  spring  pressure  on  the  opening,  but  which  gives 
way  to  a  very  slight  pressure  in  the  contrarj"  direction.  The  valve 
of  the  cylind<T,  h,  is  conical ;  a  rod,  T,  which  moves  by  friction  in 
the  piston,  raises  or  lowers  it,  but  only  for  a  ver}'  short  distance. 
Fig.  81  shows  tliat  the  rods  of  the  pistons  are  formed  with  ractwork 
which  works  into  a  pinion,  so  that,  with  the  help  of  a  handle  with  two 
arms,  it  is  possible  to  lower  one  piston  and  raise  the  other.  Thanks 
to  this  aiTangement,  the  work  done  is  doubled;  but — and  this  is 
the  end  for  which  it  was  proposed — the  resistance  is  reduced  to  its 
mininmm ;  for,  in  iaf»i)ortion  as  the  vacuum  is  made,  each  piston 

when  rising  must  overcome  the  atmo- 
spheric pressure  which  acts  on  its  b&se ; 
but,  on  the  otlier  hand,  this  pressure 
helps  the  other  piston  to  descend.  In 
this  way,  then,  there  is  a  compensation 
or  e(j[uilibrium  between  these  two  forces 
which  act,  it  is  true,  in  the  same  direc- 
tion, but  all  the  force  is  done  away  with 
by  the  resistance  of  the  pump,  without 
fatiguing  the  operator.  Figs.  82  and  83 
give  the  plan  and  the  exterior  view  of 
the  air-pump  with  two  cylinders. 

It  will  be  seen  how  the  pipe,  whicli 
unites  tlie  two  cylinders  by  a  tube,  com- 
municates at  the  centre  with  the  plate, 
which  is  of  groimd  glass,  perfectly  plane, 
on  which  is  fixed  tlie  well-greased  edge  of  the  receiver  in  which 
the  vacuum  is  to  1x3  made.  If  the  receivers  have  the  form  of  tulxjs 
or  balls,  &c.,  they  are  screwed  into  the  ui)erture  in  the  centre  of 
the  plate. 

A  Htoixjock  in  the  middle  of  the  tube  of  communication  is  pierced 
with  holes,  which  enable  us  either  to  establish  or  close  the  communi- 
cation between  the  pump  and  the  receiver,  or  to  permit  the  exterior 
air  to  penetrate  into  the  cylinders  or  into  the  receiver  only. 

In  the  same  pipe,  a  bell  glass  (h.  Fig.  83)  is  seen,  containing  a 
])anmietric  tube,  or  manometer,  which  is  used  to  indicate  to  what 
degree  the  exhaustion  has  proceeded  in  the  receiver ;  that  is  to  say, 


Kill,  b'i.— rUo  of  tlif  air-puiup  wiUi 
two  cylinUcn. 
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what  19  the  pressure  of  the  quantity  of  nir  whicli  this  latter  still 
contains. 

Lastly,  the  liest  air-pumps  are  furuished  wilh  an  am\ngement, 
the  invention  of  wliich  is  due  to  M.  Bahinet.  This  is  (i  stopeoek  liy 
the  aid  of  which,  and  a  si>eci&l  pipe,  the  receiver  is  allowed  to  com- 
municate with  one  cylinder  only.  The  air  which  it  still  contains 
is  fon-ed  through  another  pipe  under  the  piston  of  tlie  second  cylinder, 


and  tliere,  thanks  to  the  inei-ease  of  pressure  wliich  follows,  it  ends 
hy  raising  the  valve.  The  degree  of  vacuum  is  thus  e.xtended  to 
a  limit,  such  that  tlie  pressure  of  the  air  which  still  remaius  in 
the  receiver  is  scarcely  appreciated  by  the  manometer. 

Bianchi's  air-pnmp  has  only  one  cylinder.  But  the  piston  divides 
it  into  two  compartments,  which  alternately  receive  and  expel 
the  air;   it  is.  properly  speaking,  a   duuhle-action   pump.     Fig.   84 
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explains  the  manner  in  which  this  pnmp  seta.  A  rod  sapports 
the  two  moveable  conical  valves,  which  shnt  and  open  altematelv 
under  the  action  of  the  piston,  thns  opening  and  cloaii^  the  com- 
monication  of  each  compartment  with  the  receiver.  The  air  of  the 
lower  compartment,  compressed  when  the  piston  descends,  raises 
a  valve  held  by  a  spring,  over  the  orifice  of  the  pipe  formed  in  the 
piaton-rod ;  it  escapes  to  the  ontside  bv  this  pipe.  The  air  <A  the 
upper  compartment  escapes  bv  a  valve  of  the  same  kind  fitted  to 
the  lid  of  the  cylinder.  A  srstem  of 
toothed  wheels  is  put  into  motion  by  a 
handle ;  and  as  the  cylinder  can  oscillate 
in  »  vertical  plane,  the  alternate  move- 
ment of  the  piston  is  accomplished  by 
a  continnoos  movement  of  rotation,  the 
velocity  of  which  is  regulated  by  a  veiy 
heavy  fly-wheel  (Fi^  85).  With  this 
machine  a  vacuum  can  be  rapidly  pro- 
duced in  receivers,  the  capacity  of  which 
may  increase  with  the  dimensions  of  the 
cylinder.* 

We  have  had  already  several  times 
occasion  to  describe  some  curious  experi- 
ments made  by  the  aid  of  the  air-pump : 
we  shall  in  the  seqnel  refer  to  others, 
connected  with  the  phenomena  of  heat, 
soond,  and  electricity.  We  shall  content  ourselves  here  by  indicating 
some  which  concem  the  phenomena  of  weight  For  example,  it  is 
proved  that  water  ordinarily  contains,  in  solution,  ait  retained  in  it 
by  the  almospheric  pressure.  In  the  receiver,  we  see  the  bubbles 
of  air  attached  to  the  sides  increase  as  the  pressure  diminishes, 
and  mount  to  the  sarface  of  the  water.  Smoke,  which  in  the 
atmosphere  rises  above  the  lower  strata,  falb  in  tamo  like  a  heav-y 


>  M-  Delenil  hu  conatmct«d  an  air-pnmp  sprcially  intcoded  for  indottrial  obm, 
tbe  paton  of  which  do«s  oot  touch  the  walls  of  the  cjlinder.  The  tbio  atnturo  of 
sir  which  remaina  ia  the  space  serves  as  a  fitlLQf;  to  the  piston,  so  that  the  retist- 
•Dce  dne  to  the  friction  of  the  piston  in  the  ordinary  cylinder  \i  doue  away  with. 
M.  Delenil  obuin)  in  a  receiier  of  14  litres  in  capacity  a  degree  of  rarefaction 
d  by  3  millimetres  of  pressure  only. 
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mass.  Tliis  phenomenon  shows  thiit  the  principle  of  Archimedes 
is  true  for  gases  as  for  liqiiidsv  as  may  be  shown  by  another 
experiment  with  a  little  instrument  called  a  baroscope,  the  inventor 
being  Otto  de  Guericke.  A  bahtnce  supports  at  each  end  of  its 
beam  two  metallic  balls,  the  one  hollow  and  thin,  the  other  solid 
and  of  small  volume :  weighed  in  air,  these  two  balls  exactly 
establish  equilibrium  (Fig.  86).  When  the  apparatus  is  brought 
beneath  the  receiver  of  the  air-pump,  we  see  the  equilibrium  dis- 
turbed when  the  air  is  exhausted,  and  the  beam  is  inclined  towards 
the  largest  sphere.  This  sphere  lost  then  lu  the  air  a  certain 
portion  of  its  weight,  which  ia  precisely  equal  to  the  weight  of 
the  displaced  air.     This  proves  to  iis  that  to  determine  the  exact 


weight  of  bodies,  it  is  necessary  to  weigh  them  in  vacuo,  or  at  least 
to  correct  the  error  due  to  the  pressure  of  the  air.  For  delicate 
weighing  in  chemistry,  or  for  the  precise  determination  of  densities, 
this  correction  is  indispensable. 

The   application  of  the   principle  of  Archimedes  to  balloons  or 
aerostats  will  form  the  subject  of  a  future  description ' 


Instead  of  making  a  vacuum  in  a  vessel  or  receiver,  it  is  possible, 
on  the  contrary,  to  accumulate  and  to  compress  the  air  or  other 
gases  within  it.  This  operation  is  accomplished  by  means  of  con- 
densing machines  or  pumps. 

'  ApplicatioDH  ot  Ph}'3iv:<. 
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(!k>ndeti8ing  inftchines  are  constructed  exactly  like  air-pumps, 
with  one  raoJiiication — all  tlie  valves  open  in  a  contrary  direction. 
On  examining  Fig.  87,  which  represeiifa  a  section  of  the  con- 
densing  macliine,  it  will  he  immediately  seen  what  is  the  action 


of  the  mechanism,  and  liow,  instead  of  rai'cfying  or  expelling  the 
air,  the  oscillatory  movement  of  the  piston  must  on  the  contrary 
accumulate  and  compress  it.' 

'  The  rondcnsiiijF  [mnip  of  thi"  kinii,  of  whii-h  we  here  cive  the  section  ant)  the 
Mterior  view,  is  ilue  to  n  pliysiuist  whriHe  morit  0(|iial3  \\\*  iiimlpiitr,  M.  J,  Silber- 
nianii,  pr.>ir(i(.  it  of  the  ( 'nurne  of  I'h.vsi.-H  to  the  Collej.'p  i.f  Krnnce.  If  we  hwl 
more  npnee,  wi-  ihoiild  oiiilniii  how  the  stoiniK-k,  thp  |Kmitiim  of  which  is  shown 
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At  the  preaent  day,  condensing  pumps  formed  with  one  cylinder, 
a  solid  piston,  and  the  two  valves  of  which  are  placed  at  the  bottom 
of  the  cylinder,  one  communicating  with  the  outer  air,  tlie  other  with 


n 


tlie  receiver  (Figs.  88  and  89),  are  used  in  preference.  If  a  more  rapid 
compression  is  requii'ed,  a  pair  of  pumps  is  used.  Fig.  90  shows 
the  general  arrangement  of  instruments  of  this  kind.     M.  Eegnault 

below  the  vftlvea,  enables  as  tu  condense  in  a  receiver,  air  or  nny  olber  ms  contained 
iu  the  other  ;  to  reverse  the  order  of  cnniiauuication  of  the  receivers  ;  or,  agiUB,  to 
re-eaUbliah  lietween  them  eqailllirium  of  piieMure  ;  htstly,  to  iLuke  a  roinmniiication 
between  them  and  the  atmoKphere.    It  is  both  an  aif'piimp  Hnd  u  von'len»in(;  piinip. 


}IH 
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UM-tl  it  tri  «>)itain  air  or  vafionr,  the  ptn^^KUK  of  «lti';Ii  wa<  equivalent 
to  tliirty  tjrn<»  tlie  atmo^pfaerif:  pressure,  '>r  (-afjable  <jf  sopporting  a 
column  of  menjurj'  tliirty  times  7<i  centimeinr* ;  tliat  is,  22t*0  mdn^ 
T^t  UH  now  state  on  what  principle  we  rely  to 
cfjtimat^  tilt  pres^QT^  of  gases,  anfl  what  law  tW 
variations  of  these  pressores,  uD<l>:r  the  influence  of 
the  change  of  volume  only,  follow. 

Tliis  law,  the  discovt-ry   of  which  is  doe  to  the 
physicist  Mariotte,  is  given  thus: — 

J/  a  ij'utuwt  mats  it  nhm  itted  U>  a  itrujt  of  difrrtnt 
pretsttrfJt,  the  tolunui  xhUk  it  fH/xf»nrdj/  occMpin 
vary  inctntlff  as  the  pre*nin4  which  it  umlfrgoeg. 
Here  is  an  experimental  demonstration  of  this  law : 
Vie  take  a  long  bent  tube,  the  smaller  arm  of 
which  is  closed,  and  the  large  one  open  (Fig.  dl  -  If 
it  is  perfectly  cylindrical,  the  scale,  divided  into 
etjual  parts,  the  divi^^ions  of  which  are  seen  on  the 
stand  to  which  it  is  fixed,  indicates  in  the  tube  e<]ual 
capacities.  If  it  is  not  cylindrical,  it  is  divided  into 
unequal  portions  of  equal  capacity. 

Let  us  introduce  a  certain  quantity  of  mercat>', 
anrl,  by  shaking,  make  the  liquid  extend  in  two 
columns  of  the  same  height,  the  levels  of  which 
correspond  to  the  zeros  of  the  two  scales.  At  this 
moment,  equilibrium  exists  between  the  outer  air 
uliich  presses  the  mercury  in  the  large  open  arm, 
and  the  interior  air  confined  in  the  closed  arm. 
The  pressure  of  the  latter  is  then  equal  to  that  of 
'^'pn««rur''iUn'oi'i?ii   tlic  atmosphcre. 

Lot  us  i>our  mercury  into  the  large  arm, 
K<iuilibrium  will  be  di»turb«il,  and  the  mercury  will  rise  in  the 
cl«Mcd  anil.  I^et  us  stop  when  the  level  will  attain  divibion  12; 
thai  is  to  say,  when  the  vohmie  of  gas  will  Ite  reduce<l  one-half. 
We  shall  prove  that  the  difference  of  the  levels  of  the  mercury- 
will  1*;  pri;'-i,sfly  ei|iial  to  the  Iwiroinetric  heij;ht  nt  the  moment  of 
the  exjirriineiit.  N<iw,  it  is  elear  that  at  this  nioiiietit  it  is  this 
(liffirn-nee  of  level  wliieli  measures  the  increa.se  of  pres.sure  of  the 
confined  ^as;  the  total  prcssui-e  is  then  two  atmospheres. 
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i)i\  again  i)oiiriiig  mercury  into  the  large  arm,  we  shall  see  the 
level  rise  in  the  smaller  branch  as  far  as  the  divisions  16,  18,  19.2 
for  example,  which  supposes  the  volume  of  gas  reduced  to  a  third, 
quarter,  and  fifth  of  its  original  volume.  Now,  it  is  found  that  the 
pressures  are  succes?»ively  three,  four,  five  atmospheres.  Generally, 
the  volume  occupied  by  the  air  or  by  any  other  gas  varies  precisely 
in  inverse  ratio  to  the  pressures  which  this  gas  supports;  which 
proves  the  law.  The  law  is  proved  with  the  same  facility  when 
we  submit  the  gaseous  mass  to  decreasing  pressures :  lower  than  the 
atmosphere  the  volume  increases  as  the  pressures  diminish. 

It  is  seen  by  tliis  law,  the  importance  of  which  is  extreme,  how 
gases  are  compressible,  and  how  they  differ  in  this  respect  from  liquids 
the  compressibility  of  which  is  confined  within  very  narrow  limits. 

In  the  preceding  experiments,  the  temperature  is  supposed 
constant. 

If  Mariott^'s  law  were  exactly  true,  it  would  follow  that  all  gases 
are  endowed  with  equal  compressibility,  and  that  it  increases  how- 
ever great  the  pressures  to  which  they  are  submitted.  Dulong  and 
Arago  have  i)roved  the  exactitude  of  the  law,  for  air,  to  27  atmo- 
spheres ;  but  M.  Despretz  and  M.  Regnault  (later)  have  an-ived 
at  the  conclusion  that  this  compressibility  is  not  precisely  the  same 
for  all  gases,  and,  moreover,  that  it  is  slightly  variable  for  the  same 
gas.  Air,  nitrogen,  and  carbonic  acid  are  really  condensed  more  than 
Mariotte's  law  would  allow;  hydrogen  acts  in  a  contrary  direction. 
As  to  the  gases  susceptible  of  passing  into  a  liquid  state,  the  variation 
has  been  found  much  more  considerable,  according  as  the  experiments 
have  been  made  at  a  temperature  nearer  that  at  which  they  are 
liquefied.  Doubtless,  at  this  temperature  the  gases  undergo  mole- 
cular modifications  the  nature  of  which  is  not  yet  known,  but  which 
dififers  from  the  effects  due  to  the  variations  of  pressure.  The 
measure  of  the  pressure  of  the  air  which  remains  under  the  receiver 
of  the  air-pump  when  a  vacuum  is  made,  a  measure  eflfected  with 
the  help  of  a  manometer  or  short  barometer,  is  a  direct  application 
of  Mariotte's  law. 
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CHAPTER  I. 


THE   PHENOMENA   OF   SOUND. 


rpiIE  absence  of  all  sound,  of  all  noise,  in  a  word  absolute  silence, 
-*-  is  to  ns  synonymous  with  immobility  and  death.  We  are  so 
accustomed  to  hear,  if  it  is  only  the  noise  we  ourselves  make,  that 
we  can  scarcely  conceive  the  idea  of  a  world  completely  silent  and 
dumb,  as  the  moon  appears  to  be,  if  we  are  to  believe  astronomers. 

I'henomena  of  sound  are  perpetually  manifested  on  the  earth, 
although  of  course  there  is  in  this  respect  a  great  difference  between 
our  great  cities,  the  thousand  noises  of  which  are  perpetually 
deafening  us,  and  the  low  and  confused  murmur  which  is  heard  in  the 
solitude  of  the  fields,  on  the  moimtains,  or  in  the  plains.  We  must 
note  also  the  contrast  there  is  between  the  calm  of  the  Alpine  and  the 
Polar  regions,  in  which  all  life  disappears,  and  the  resounding  shores 
of  the  ocean !  There  the  silence  is  only  broken  by  the  dull  rolling 
of  avalanches,  the  cracking  of  ice,  or  by  the  roaring  of  violent  gusts 
of  wind.  The  rumbling  of  thunder,  so  prolonged  in  the  plains  or 
in  valleys,  does  not  exist  on  the  highest  mountains  :  instead  of  the 
terrible  report  which  generally  characterizes  thunderclaps,  and  the 
repercussion  of  which  multiplies  the  duration,  there  it  is  a  harsh 
sound,  similar  to  the  discharge  of  fire-arms.  On  the  sea-shore,  on  the 
contrar}%  the  ear  is  deafened  by  the  continuous  sound  of  the  waves 
which  unfurl  or  break  on  the  rocks,  and  by  the  dull,  uniform  roaring, 
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wlucli  like  a  solemn  bass  accompanies  the  sharper  notes  which  the 
waves  produce  when  they  strike  the  sand  and  pebbles.  In  the 
midst  of  fields  and  forests  the  sensation  is  quite  different.  We  hear 
a  dull  moaning  formed  by  the  union  of  a  thousand  varied  sounds: 
the  grass  which  bends  under  the  wind,  the  insects  which  fiy  or  creep 
about,  the  birds  whose  voices  are  lost  in  the  air,  the  sound  of  the 
branches  of  the  trees  which  rustle  under  the  impulse  of  the  light 
breeze,  or  which  are  bent  and  broken  by  violent  winds.  From  all 
this  comes  a  harmony,  sometimes  gay  and  sometimes  grave,  but 
always  different  from  the  discordant  clatter  which  fills  the  populous 
streets  of  great  towns. 

Watercourses,  rivers,  brooks,  and  torrents  join  their  notes  to  this 
concert;  in  mountainous  countries  there  is  the  noise  of  cascades 
which  dash  upon  the  rocks,  and  sometimes  the  terrible  roaring  of 
falling  rocks  which  destroy  and  bury  all  in  their  passage. 

But  of  all  natural  sounds,  the  most  continuous  and  violent  are 
those  which  arise  and  are  propagated  through  the  atmosphere : 
masses  of  air  dragged  along  by  an  irresistible  movement,  sometimes 
shrieking,  sometimes  roaring  with  fury,  strike  against  all  obstacles 
which  oppose  them,  such  as  the  unevenness  of  the  ground,  mountains, 
rocks,  forests,  or  solitary  trees.  When  electricity  is  associated  with 
these  actions  they  become  more  terrible,  and  the  frightful  reports  of 
thunder  drown  all  other  sounds.  Volcanic  explosions  and  earthquakes 
alone  rival  in  power  this  great  voice  of  nature.  An  immense 
detonation  was  heard  under  the  towns  of  Quito  and  Ibarra,  arising 
from  the  catastrophe  which  destroyed  Riobamba  in  February  1797  ; 
but,  curiously,  it  was  not  heard  at  the  place  of  the  disaster.  The 
upheaval  of  Joi-ullo,  in  1750,  according  to  Humboldt,  was  preceded 
by  subterranean  roarings  which  lasted  two  entire  months. 

To  complete  this  list  of  sounds  natumlly  protluced  in  the  earth 
and  the  atmosphere,  there  remains  for  us  to  mention  the  detonations 
which  accompany  the  fall  of  cosmical  meteors,  aeroliths,  and  bolides. 
These  explosions  usually  occur  at  great  heights,  and  [Hii-sons  who  have 
heard  them  compare  them  either  to  the  discharge  of  artillery  or  to 
the  prolonged  rolling  of  thunder. 

The  phenomena  of  sound  which  are  most  interesting  to  us  are 
those  which  men  and  animals  produce  by  the  aid  of  special  organs: 
the  human  voice,  that  indispensable  interpreter  of  our  tliou^ihls  and 
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sentiments ;  and  the  cries  of  animals,  which  express  in  a  ruder  manner 
the  various  impressions  wliich  they  feel,  their  wants,  joys,  and  griefs. 
The  most  powerful  of  all  arts — music — was  created  by  man  to  express 
that  which  articulated  language  could  not  express ;  and  to  add  still 
more  to  the  gifts  of  nature,  he  has  discovered  how  to  multiply  the 
resources  of  his  voice  by  the  aid  of  various  instruments. 

The  necessities  of  labour  and  of  human  industry  have  caused  man 
to  produce  many  other  sounds  and  noises  which  do  not  commend 
themselves  either  for  melody  or  harmony,  but  most  of  which  are 
inseparable  from  the  w^orks  which  have  engendered  them,  and  share, 
so  to  speak,  in  their  character  of  utility.  In  manufactories  and  work- 
shops, and  in  forges,  the  noise  of  hammers  and  saws,  of  all  soi-ts  of 
tools,  and  of  steam-engines,  often  continues  uninteniiptedly  night  and 
day.  15ut  how  can  it  be  helped  ?  To  our  mind,  it  is  a  music  which  is 
infinitely  preferable  to  that  of  musketry  and  cannon  on  the  field  of 
battle ;  as  is  the  contest  of  work  and  of  science  against  the  actions  of 
brute  force. 

However  varied  the  several  phenomena  we  have  passed  in  review 
may  appear,  they  in  reality  all  relate  to  one  mode  of  movement,  of 
which  we  must  study  the  nature  and  formulate  the  laws.  We  will 
commence  by  enumerating  the  different  ways  in  which  sound  can  be 
produced  and  propagated,  in  solids,  liquids,  and  gases. 
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CIIAFTER  II. 

PRODUCmON   AND   PROPAGATION    OF    SOUND. — REFLECTION   OF  SOUND. — 

VELOCITY  OF  SOUND  IN  DIFFERENT  MEDIA. 

Prodaction  of  sound  by  a  blow  or  percussion,  and  by  friction,  in  solids,  liquids,  and 
gases — Production  of  sound  by  the  contact  of  two  bodies  at  different  tem- 
peratures ;  Trevelyan'a  instrument — Chemical  harmonicon — The  air  a  vehicle 
of  sound  ;  transmission  of  sound  by  other  gases,  by  solids  and  liquids — Pro- 
pagation of  sound  at  great  distances  through  the  intervention  of  the  ground — 
Velocity  of  sound  through  air  ;  influence  of  temperature ;  experiments  of 
Villejuif  and  Montlh^ry — Velocity  of  sound  in  water ;  experiments  made  on 
the  Lake  of  Geneva,  by  Colladon  and  Sturm — Velocity  of  soimd  through  dif- 
ferent solid,  liquid,  and  gaseous  bodies. 

"pERCUSSION,  or  the  shock  of  two  bodies  against  each  other,  is 
•*•  one  of  the  most  usual  methods  by  which  sound  is  produced. 
The  hammer  wliich  strikes  the  anvil,  the  clapper  which  causes  bells 
to  sound,  drumsticks,  the  rattle,  and  a  hundred  other  instances  which 
the  reader  will  easily  call  to  mind,  are  examples  of  the  production  of 
sound  by  tlie  percussion  of  solid  bodies.  Tlie  most  varied  noises 
can  thu3  be  obtained,  but  we  shall  find  that  this  variety  depends  both 
on  the  form  and  tlie  nature  of  the  sonorous  body  and  on  the  way  in 
w*hich  the  sound  is  conveyed  to  our  ears.  In  the  water-hammer 
experiment,  the  noise  proceeds  from  tlie  shock  of  a  liquid  mass 
against  a  solid  body. 

Fi'U'twn  is  another  cause  of  the  production  of  sound  or  noise: 
thus  it  is  that  by  the  aid  of  a  l)ow,  the  horsehairs  of  which  have 
been  nibbed  with  a  resinous  substance  called  colophane,  the  extended 
cords  of  certain  stringed  instruments  are  made  to  resound ;  so  also 
in  the  case  of  l>ells  of  glass  or  metal.  But  sounds  are  also  obtained 
by  longitudinal  friction  applied  to  cords  or  metallic  rods.  When  certain 
Rubstan(!es,  such  as  wor)d,  stone,  &c.  are  drawn  along  the  ground,  thoy 
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produce  a  noise  which  is  due  to  friction :  carriage-wheels  which  roll 
along  the  roadway  also  produce  a  sound  which  in  great  part  is  due  to 
friction,  but  also  to  some  extent  to  percussion.  The  act  of  drawing 
aside  a  tense  cord,  as  is  usual  in  playing  instruments  like  the  guitar, 
harp,  or  mandoline,  produces  a  sound  which  is  due  both  to  percussion 
and  to  friction. 

When  liquid  and  solid  bodies  are  brought  into  contact  by  means 
of  percussion  or  friction,  sounds  and  noises  are  produced ;  but  the 
same  movements  in  liquids,  without  the  intervention  of  solid  bodies, 
also  produce  sound :  such  is  the  agitation  which  is  produced  by  the 
fall  of  raindrops  on  the  surface  of  a  pond  or  river. 

In  gases,  sound,  tis  we  shall  presently  see,  is  caused  by  a  series 
of  condensations  alternating  with  dilatations;  but  it  may  also  be 
induced  by  i)ercussion  or  friction.  Tims,  the  air  hisses  when  it  re- 
ceives a  violent  stroke  from  a  cane  or  whip :  and  the  wind  produces 
loud  sounds  when  it  strikes  against  trees,  or  houses,  or  other  solid 
bodies.  The  roaring  sound  wliicli  is  sometimes  heard  in  chimneys 
is  due  to  a  movement  of  the  air  which  we  shall  study  when 
we  consider  the  nature  of  the  sounds  produced  by  the  movement 
of  gases  in  tubes.  Of  the  same  kind  is  the  sound  produced  by  those 
nmsical  instruments  which  are  known  as  wind  instruments.  The 
human  voice  and  tlie  cries  of  animals  belong  also  to  this  class. 

Explosions  of  gases,  the  noise  which  accompanies  the  electric 
spark  and  the  reports  of  gunpowder,  are  sounds  caused  by  rapid 
changes  of  volume,  and  by  successive  dilatations  and  contractions  of 
gaseous  masses.  Among  the  most  remarkable  modes  of  producing 
sound,  we  may  mention  the  contact  of  two  solid  bodies  at  different 
temperatures.  This  singular  phenomenon  was  described  for  the  first 
time  in  1805,  by  Schwai-tz,  the  inspector  of  a  Saxon  foundry.  Having 
placed  a  silver  ingot  at  a  high  temperature  on  a  cold  anvil,  he  was 
astonished  to  hear  musical  sounds  during  tlie  cooling  of  the  mass. 
In  1829,  Arthur  Trevelyan  accidentally  placed  a  warm  soldering 
iron  on  a  block  of  lead;  almost  immediately  a  sharp  sound  was  heard. 
He  was  thus  induced  to  study  the  phenomenon  under  different  con- 
ditions, and  he  invented  various  instruments  to  illustrate  the  cause 
of  the  production  of  this  sound:  these  will  be  described  when  we 
speak  of  sonorous  vibrations. 

The  passage  of  an  electric  current  produces  sound  in  a  bar  of 
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15  km:)WTL  This  £u:t  was  the 
startrng-pr-int  of  the  curious 
experiments  of  Schaffgotsch 
ami  Tvudall  on  singing  flames. 
Hitheno  we  have  considered 
the  production  of  sound  or 
noise  in  sonorous  bodies  which 
may  be  either  solid,  liquid,  or 
gaseous :  let  us  now  inquire 
how  sound,  that  of  a  clock 
which  is  striking,  for  instance, 
reaches  our  ears.  We  can 
Fir..  jn-Ph.v^4h>*i  i*Kr  r .  h^mirai  harriooi.oa.    answcr  this  qucstiou  by  means 

of  observations  and  very  simple 
experiments,  evf-n  Ijefore  we  understand  the  real  nature  of  the 
phenomenon  of  sound. 

It  \%  a  well-known  fact  that  sound  takes  an  appreciable  time  to 
travel  frr^m  a  sonorous  body  to  the  ear.  ^\^len  we  see  a  person  at 
fK>me  distance  from  us  who  is  striking  blows  with  a  hammer,  we  see 
the  liamm^r  fall  l^fore  we  hear  the  noise  of  the  percussion.  In  the 
wime  way  th'*  r^f^irt  r>f  a  gun  or  cannon  reaches  the  ear  after  the 
fl;i«h  prorluce/j  by  tlif  explosion  has  Ijoeu  visible  to  the  eye.  In  all 
tli/;.v?  ra«^;H,  the  interval  included  l)et\veen  seeing  the  tlju^h  and  hearing' 
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r  impulses ;  we  shall  soon 


tlie  sound,  indicates  a.  difTerencc  between  the  velocity  of  light  and 
that  of  sound;  but  a.s  the  velocity  of  lij^'lit,  compared  with  tliut  of 
sound,  may  be  considered  as  infinite,  tliis  interval  gives  without  any 
perceptible  error  the  time  wliich  sound  takes  to  be  propaj,'i»ted  from 
one  point  to  another.  \Ve  also  leara  by  daily  observation  that  tliis 
interval  increases  with  the  distance.  I  renn-iiiber  hiivinj:  adiiiireii  on 
the  coast  of  the  Mediterranean  the  curious  spi-i'iaule  of  a  man-of-war 
practising  with  cannon,  I  saw  the  smoke  of  the  guns,  then  the 
ricochet  of  the  cannon-balls  on  the  crests  of  the  waves,  long  before 
I  heard  the  thunder  of  the  report. 

Sound  is  propagated  by  a  succession  < 
learn  with  what  velocity.  But  what  is 
the  medium  which  sen'es  as  a  vehicle  to 
this  movement?  Is  it  the  ground?  Is 
it  communicated  by  the  intervention  of 
solids,  liquids,  or  the  air,  or  by  these 
several  media  at  once  ?  The  following 
experiment  will  answer  these  questions. 

Let  us  place  under  the  receiver  of  an 
air-pump  a  clockwork  arrangement  fur- 
nished with  a  bell,  the  hammer  of  which 
is  temporarily  fixed,  but  is  capable  of  being 
moved  at  will  by  a  rod  (Fig.  9o).  ik'fore 
exhausting  the  receiver,  the  bell  is  dis- 
tinctly heard  when  struck  by  the  hammer. 
But  in  proportion  as  the  air  is  rarefied 
the  sound  diminishes  in  intensity;  and 
aa  soon  as  the  vacuum  is  approximately  n,..  M,-sn,iii,]i.  ri^tpro[iagjit,iiii 
perfect,  it  is  completely  lost  if  the  preciiu- 
tioD  has  been  taken  to  place  the  appa- 
ratus on  a  cushion  of  cork,  or  wadding,  or  any  substance  which  is  soft 
and  more  or  less  elastic.  The  hammer  is  tlien  seen  to  strike  the 
bell,  but  no  sound  can  be  heartl.  If  we  now  introduce  into  the 
receiver  any  otlier  gaa,  such  as  hydrogen,  carbonic  acid,  oxygen, 
ether-vapour,  &c,,  the  sound  is  again  heard.  Thus  air  and  all  gases  are 
vehicles  of  sound.  But  Ihey  do  not  all  possess  this  property  to  the 
same  extent.  Tlius,  according  to  Tyndall's  experiments,  the  conduc- 
tivity of  hydrogen  gas  for  sound  is  much  less  than  that  of  air,  at  an 


130  PHYSICAL  PHENOME.WL  [book  ii. 


equal  pressure,  while  the  velocity  of  propagation  is  nearly  four  times 
greater  in  hydrogen  than  in  air. 

Solid  bodies  also  transmit  sound,  but  in  very  varied  degrees 
depending  on  their  elasticity.  Thus  in  the  preceding  experiments, 
even  when  the  vacuum  is  nearly  perfect,  if  we  place  the  ear  close 
to  the  receiver,  we  hear  a  very  feeble  sound  transmitted  to  the  sur- 
rounding air  by  the  cushion  and  the  plate  of  the  air-pump.  The 
transmission  of  sound  through  solids  is  proved  even  better  by  the 
fact  that  the  sound  of  the  bell  is  simply  enfeebled  if  we  place  the 
clockwork  apparatus  on  the  glass  plate  of  the  air-})ump  without  the 
intervention  of  a  soft  cushion. 

Water,  and  liquids  in  general,  are  also  vehicles  of  sound,  and 
as  regards  intensity  and  velocity  are  better  conductors  than  air.  A 
diver  when  under  water  hears  the  least  noise  ;  for  example,  that  made 
by  flints  rolling  and  knocking  against  each  other. 

We  must  not  confound  the  sounds  which  we  perceive  through  the 
medium  of  the  air  with  those  which  solids  such  as  the  ground  or 
elastic  bodies  transmit  to  us.  If  the  ear  be  placed  at  the  extremity 
of  a  rather  long  piece  of  wood,  we  can  clearly  distinguish  the  noise 
produced  by  the  friction  of  a  pin  or  the  tip  of  a  feather  at  the  oppo- 
site extremity,  while  a  person  standing  near  the  middle,  but  with  his 
ear  not  close  to  the  wood,  hears  nothing.  The  ticking  of  a  watch 
hung  at  the  end  of  a  long  tube  of  metal  is  distinctly  heard  at  the 
other  end,  while  those  near  the  watch  do  not  perceive  any  sound. 
Hassenfratz,  "  having  descended  one  of  the  quarries  under  Paris, 
instructed  some  one  to  strike  the  walls  of  one  of  the  subterranean 
galleries  with  a  hammer :  he  gradually  went  further  away  from  the 
point  wliere  the  blows  were  given,  and  on  placing  his  ear  against  the 
wall  he  distinguished  two  sounds,  one  being  transmitted  by  the  stone 
and  the  other  by  the  air.  The  lirst  arrived  at  the  ear  much  sooner 
than  the  other,  but  it  also  died  away  much  more  rapidly  in  pro- 
portion as  the  observer  removed  further  from  the  source,  so  that  it 
ceased  to  be  heard  at  the  distance  of  a  hundred  and  thirty-four  paces, 
while  the  sound  transmitted  by  the  air  only  ceased  to  be  heard  at  a 
distance  of  four  hundred  juices."     (Ilaiiy.) 

Similar  exiJcriments,  when  tried  with  long  wooden  or  iron  bars, 
give  the  same  result,  b<»th  as  to  the  higher  velocity  and  reduced 
intensitv. 
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Humboldt,  in  describing  the  dull  noises  which  nearly  always 
accompany  earthquakes,  quotes  a  fact  which  shows  the  facility  w^th 
which  solid  bodies  transmit  sound  to  great  distances.  "  At  Caracas," 
he  says,  "  in  the  plains  of  Calabozo  and  on  the  borders  of  Kio-Apure, 
one  of  the  affluents  of  the  Orinoco,  that  is  to  say  over  an  extent  of 
i:>0,000  square  kilometres,  one  hears  a  frightful  report,  without 
experiencing  any  shock,  at  the  moment  when  a  torrent  of  lava  flows 
from  the  volcano  Saint- Vincent,  situated  in  the  Antilles  at  a  distance 
of  1,200  kilometres.  This  is,  as  regards  distance,  as  if  an  eruption  of 
Vesuvius  was  heard  in  the  North  of  France.  At  the  time  of  the 
great  eruption  of  Cotopaxi  in  1744,  the  subterranean  reports  were 
heard  at  Honda,  on  the  borders  of  Magdalena :  yet  the  distance 
between  these  two  points  is  810  kilometres,  their  difference  of  level 
is  5,500  metres,  and  they  are  separated  by  the  colossal  mountainous 
masses  of  Quito,  Pasto,  and  Popayan,  and  by  numberless  ravines 
and  valleys.  The  sound  was  evidently  not  transmitted  by  the  air, 
but  by  the  earth,  and  at  a  great  depth.  At  the  time  of  the 
earthquake  of  New  Granada,  in  February  1835,  tlie  same  phe- 
nomena were  reproduced  in  Popayan,  at  Bogota,  at  Santa  Maria, 
and  in  the  Caracas,  where  the  noise  continued  for  seven  hours 
without  shocks ;  also  at  Haiti,  in  Jamaica,  and  on  the  borders  of 
Nicaragua." 

To  resume :  the  transmission  of  sound  from  a  sonorous  body  to 
the  ear  can  be  effected  through  the  medium  of  solids,  liquids,  or  gases, 
but  the  atmosphere  is  the  most  usual  medium.  Hence  it  follows  that 
there  is  no  sound  beyond  the  limits  of  the  atmosphere.  The  noise 
of  volcanic  explosions,  for  example,  cannot  i-each  the  moon  ;  and  in 
like  manner  the  inhabitants  of  the  earth  do  not  hear  sounds  which 
may  be  produced  in  interstellar  spaces.  The  detonations  of  aerolites 
therefore  prove  that  these  bodies  at  the  moment  of  explosion  are 
within  our  atmosphere,  the  limits  of  which  have  not  been  pre- 
cisely determined.  On  high  mountains  the  rarefaction  of  the. air 
produces  a  great  diminution  in  the  intensity  of  sounds.  Accord- 
ing to  Saussure  and  others,  a  pistol  fired  at  the  top  of  Mont 
Blanc  makes  less  noise  than  a  small  cracker.  Ch.  Martins,  in 
describing  a  storm  which  he  witnessed  in  these  high  regions,  saysi 
"  The  thunder  did  not  roll ;  it  sounded  like  the  report  of  fire- 
arms."    Gay-Lussac,  during  his  celebrated  balloon  ascent,  remarked 
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that  the  lOiuiid  of  hi< 
of  20,00*1  feeL 

Let  us  now  in<|uire  with  wli^t  velocity  sound  is  propagated 
tltrougli  the  different  media  we  are  about  to  describe ;  and  first  of 
the  velocity  of  Kound  through  air. 

Many  scientific  men  of  the  last  centuries,  among  whom  were 
Xewton,  iV»yle,  M«rM;nnp.  and  Flamsteed,  endeavoured  to  determine 


thin  vehxiity,  eitlier  theoretically  or  by  experiment,  but  the  numbers 
at  which  tlioy  arrived  were  eitlier  too  low  or  too  hi};h.  AVe  owe  the 
first  precise  experiments  to  the  cninmission  of  the  Academie  des 
Sciences  in  17-)8.  Again,  in  1H22,  several  physicists  made  deter- 
niinatiouH  in  the  name  iiinnner,  nitd  the  fiillDwIiij;  was  their  method 
of  proceed iiifj.  Tliey  were  divided  into  two  firoiips.  wliich  were 
plated  rcHjwctively  at  Xlnntllii'ry  and  at  Villejiiif,  these  two  stations 
being  chosen  because  there  wits  no  obstacle  to  interfere  with  sight. 
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Gay-Lussac,  Humboldt,  and  Bouvard  were  at  Montlht^ry ;  Prony, 
Arago,  and  Mathieu  at  Villejnif.  They  were  each  provided  with  a 
good  chronoraeter ;  and  two  pieces  of  cannon  of  e<[ual  bore,  charged 
with  cartridges  of  the  same  weight,  were  placed  at  each  of  the 
stations. 

The  experiments  began  at  eleven  o'clock  in  the  evening,  with  a 
serene  sky  and  a  neariy  calm  atmosphere.  Twelve  alternate  shots  at 
inten^als  of  ten  minutes  \vere  fired  from  each  station,  starting  from  a 
given  signal,  and  each  group  of  observers  noted  the  number  of 
seconds  which  elapsed  between  the  appearance  of  the  light  and  the 
arrival  of  the  sound.  The  mean  of  the  different  numbers  was  54 
seconds  6  tenths ;  and  as  the  distance  of  the  two  pieces  of  artillery, 
carefully  measured,  was  18,612  metres  5  decimetres,  they  concluded 
that  sound  travels  340  metres  9  decimetres  a  second  (1118152  feet) 
in  air  at  a  temperature  of  16°  C.  The  reciprocity  of  the  determi- 
nations was  in  order  to  compensate  for  the  influence  of  the  wind. 
The  temperature  of  the  air  exercises  an  influence  which  theory 
and  experiment  have  equally  confirmed.  If  the  temperature  in- 
creases, sound  is  propagated  with  much  greater  rapidity;  and  the 
velocity  diminishes  with  the  fall  of  temperature.^ 

But  because  the  velocity  of  sound  varies  with  the  temperature,  and 
also  as  we  shall  presently  see  with  the  humidity  or  hygrometric  state 
of  the  air,  the  results  obtained  are  probably  more  or  less  inexact. 
The  strata  of  air  in  which  sound  is  propagated  are  far  from  being 
homogeneous,  and  it  is  now  known  that  their  temperature  during  the 
night  increases  with  the  height.  To  avoid  these  different  causes  of 
error,  M.  le  Roux  measured  in  a  direct  manner  the  velocity  of 
sound  through  a  mass  of  air  contained  in  a  cylindrical  tube  of 
72  metres  in  length.  The  air  was  dried,  and  its  temperature  kept 
at  0°  by  surrounding  the  tube  with  ice.  The  sonorous  impulse 
was  produced  by  the  single  blow  of  a  wooden  hammer,  which  was 
caused  to  strike  a  membrane  of  caoutchouc  stretched  over  one  of 
the  extremities  of  the  tube.     This  in)pulse,  after  having  travelled 

*  In  addition  to  the  preceding  experiments,  we  must  quote  those  of  Benzenber;; 
in  1811  ;  Goldingham  in  1821  ;  Moll  and  Van  Beeck,  Stampfer  and  Myrbach 
in  1822  ;  lastly,  of  Bravais  and  Martins  in  1844.  If  we  reduce  the  various  deter- 
mined velocities  to  zero,  and  calculate  them  as  having  been  made  in  dry  air,  we 
obtain  tis  a  result  a  mean  of  332  metres,  or  1088*96  feet  a  second. 


134  PHYSICAL  PUEyOMEXA.  [book  ri. 

along  the  tube,  set  in  motion  a  second  membrane  stretched  at  the 
other  extremitj'  of  the  tube.  Lastly,  the  beginning  and  the  end 
of  the  propagation  were  registered  automatically  by  electricity, 
and  its  duration  measured  by  a  particular  kind  of  chronoscope. 
Numerous  experiments  gave  iL  le  Roux  a  velocity  of  330*66  m. 
a  second:  a  number  almost  identical  with  the  velocity',  at  the 
same  temperature,  0°,  indicated  by  the  experiments  of  the  Bureau 
des  Ix>ngitudes  in  1822. 

If  we  adopt  this  last  number,  we  deduce  for  the  velocity  of 
sound  at  different  temperatures,  from — 15°C.  to  50'C.,  the  follow- 
ing numbers: — 

Velocitt  of  Sockd  IX  Air. 

Nainber  of  metres  Namher  of  jranU 

T«inpentaT«(C.)  perMCond.  peraeeond. 

—  15"* 321-46 350112 

—  10' 326-23 35610 

—  5* 327-62 357-60 

0* 330*66 360-90 

+     5' 333-67 36418 

+  10* 333-66 364-17 

+  15* 339-62 370-73 

+  20* 342-55 373-89 

+  25* 345-46 377-05 

+  30* 348-34 380-22 

+  35^ 351-20 383-39 

+  40* 354-04 386-40 

+  45" 356-85 38950 

+  50' 359-65 392-56 

The  experiments  of  1738  and  1822  not  only  resulted  in  the  deter- 
mination of  the  velocity  of  sound ;  they  also  proved  that  this  velocity 
is  not  modified  by  variations  of  atmospheric  pressure :  that  the  wind 
increases  or  diminishes  it  according  as  it  blows  in  the  same  or  in  a 
contrary  direction,  whilst  it  does  not  effect  any  change  if  it  blows  in  a 
direction  perpendicular  to  that  of  the  transmission  of  the  sound. 

Furthermore,  this  velocity  is  uniform  at  every  portion  of  the 
distance  traversed,  and  it  is  the  same  with  sharp  or  dull  sounds, 
feeble  sounds,  or  those  whose  intensity  is  considerable.  We  are 
all  aware  that  neither  the  time  nor  the  precision  of  a  piece  of 
music  executed  by  an  orchestra  is  altered,  whatever  may  be  its 
distance  from  the  listener.  When  the  distance  increases,  all  the 
sounds  are  lessened  in  the  same  degree,  but  this  is  the  only  alteration 
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which  they  sufler,  which  could  not  happen  if  tones  or  sounds  of 
different  intensity  were  propagated  with  diflerent  velocities.  Lastly, 
the  velocity  of  sound  through  air  appeara  to  be  the  same  in  a 
horizontal,  vertical,  at  oblique  direction.  This  fact  results  from  the 
observations  made  in  1844  by  Martins  and  Bravais,  between  the 
summit  and  the  base  of  the  Faulhom,  and  by  Stampfer  and  MjTbach 
at  two  stations  situated  at  different  heights  above  the  level  of  tlie  sea. 


Very  singular  consequences  follow  from  the  difference  which  exists 
between  the  velocities  of  light,  sound,  and  pTOJectiles.  Thus  the 
soldier  struck  by  a  cannon-ball  can  see  the  fire  which  comes  fi'om  tlie 
mouth  of  the  cannon,  but  he  does  not  hear  the  noise  because  the 
velocity  of  sound  is  less  than  tliat  of  the  bullet;  but  if  he  is  struck 
at  a  great  distance,  as  the  resistance  of  the  air  diminishes  more  and 
more  the  velocity  of  the  projectile,  it  may  happen  that  he  sees  the 
light  and  hears  the  shot  before  he  is  struck. 


IM  PIIYSWAL  PHP.SOMKXA.  [rnxm  il 

S<juii'I  u  prt>im%^A  through  wuter  with  about  foar-uid-a-qiuiter 
IriiieH  tin:  vt;l<>r;ity  thr^u^h  air  TliU  waii  &boTii  l>y  eome  expcri- 
iiDintit  niiuili  on  the  I^ke  of  fj<;n<:va  by  two  tavanlt,  ColladoD  and 
Htiinn.  Tb<;ir  m*Av  of  «xp<Ttrn';ntatiou  wm  as  follovs.  The  obsen'en 
viftf.  fu^at/^l  in  lio%ts,  one  mooreal  at  ThoDoo,  the  other  o&  the  opposite 
ifhort;  of  (tie  \a\u:.  Tiir:  bouimI  w£ApnMliice«lby  thestrokeof  ahamnKr 
((II  a  )>ell  iiiiiii(:nu:<l  in  th«  wat«r,  ao'l  at  t1i<:  otiier  station,  a  spealcing- 


tninipi't,  hnviiif;  a  mouth  of  lar^u  aperture,  alHO  under  the  water, 
n>i;ftiv«Ml  tlie  Hoiinil  propagated  by  the  liquid  masH  by  means  of  a  sheet 
of  irietol  pliiccil  ov»*r  tlio  ojwiiinK-  The  oliserver,  whose  ear  was  placed 
lit  th«  iiiiiiilh  of  thi!  trunijict,  was  furnished  with  a  chronometer  or 
i'hr<in(i;;rii]>h,  which  iiidioiti-d  HCCOnilH  and  fractions  of  a  second  ;  and 
hi'  WHM  niiidi'  iiwiire  iif  the  prwrisi;  instant  when  the  Ijellwas  struck  by 
llir  lliiMh  priHlui'i'd  l)y  the  i;,'nition  of  Mime  jiowder,  which  was  ignited 
by  thi<  liiwi-Hii;:  nf  a  lijjhtcil  match  tautened  to  the  hammer  in  the 
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form  of  a  lever.  Figs.  95  and  96  indicate  the  arrangement,  and  will 
remove  the  necessity  for  a  more  detailed  explanation. 

The  distance  of  the  stations — 1.*^487  metres — was  traversed  bv 
the  sound  in  nine  seconds  and  a  quarter,  which  gives  1,435  metres  for 
the  velocity  of  sound  in  water  at  a  temperatiire  of  8"^  C. 

Lastlv,  the  velocitv  of  sound  in  solid  bodies  has  also  l^een  ex- 
perimentally  determined  M.  Biot,  having  operated  on  a  cast-inin 
pipe  951  metres  in  length,  found  that  sound  is  propagated  through 
this  metal  with  a  mean  velocity  of  3,250  metres  a  second,  which 
is  more  than  nine-and-a-half  times  the  velocity  through  air  at  the 
same  temperature. 

The  velocities  of  sound  per  second  in  different  media,  solid, 
liquid,  and  gaseous,  are  as  follows : — 


Velocity  of  sound  through  gase^  at  i>\ 


Velocity  of  sound  through  liquids  . 


Velocity  of  :iouud  through  solids 


\ 


Air 


331 


m 


Oxygen 317 


\  Hydrt^n Ii70 

^  Carbonic  acid 26:i 

I  Water  of  the  Seine  at  15 ' .     .  1437» 

I  Sea- water  at  20"* 1453 

j  „        at  23"* 1160 

(Ether at  0' 1159 


f  Tin 249d«" 

SUver 2684 

Platinum 2701 

Oak,  walnut 3440 

Copi>er 3716 

Steel,  iron 5030 

Glass 5438 

Fir-wood 5904 
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CHAPTER  III. 

PBOFACATION  OF  SOUND.— PHENOMENA  OF  THE  BEFLECTION  AND 

REFRACTION  OF  SOUND. 

Fjrhoen  and  rtnotutncen — Simple  and  multiple  echoes ;  explanation  of  these 
phenomemi — Laws  of  the  reflection  of  sound  ;  experimental  Terification — 
Phenomena  of  reflection  at  the  surface  of  elliptical  vaulta — Experiments 
which  proTe  the  refraction  of  sonorous  impulses. 

TI7K  flhall  learn  hereafter  that  light  and  heat  are  propagated  directly 
'^  by  radiation  and  indirectly  by  reflection.  Moreover,  when  this 
propagation  takes  place  through  media  whose  nature  and  density 
differ,  the  direction  of  the  luminous  and  calorific  waves  undergoes 
a  particular  deviation  known  to  physicists  as  refraction. 

The  same  phenomena  of  reflection  and  refraction  occur  in  the 
case  of  sound  as  in  that  of  heat  and  light,  and  they  follow  nearly  the 
name  lawH. 

That  sound  is  reflected,  when  in  being  propagated  by  the  air  or 
any  other  medium  it  strikes  against  an  obstacle,  is  a  fact  with  which 
t!very  one  am  make  himself  familiar  by  observation. 

>k;hoe8  and  resonances  are  phenomena  due  to  the  reflection  of 
Hound.  When  we  stand  in  a  large  room,  the  walls  of  which  are  not 
covered  with  objects,  such  as  curtains,  which  stifle  sound,  we  notice 
tliat  our  voices  are  strengthened,  and  the  sound  of  steps  or  of 
sonorous  bodies  is  heard  with  great  distinctness.  In  a  still  larger 
r(M»m  words  appear  doubled,  which  often  renders  them  difficult  to 
l)e  understood.  This  strengthening  of  sound,  due  to  reflection  from 
walls,  <^c.,  is  what  is  called  resonan'^e. 

If  the  distance  from  the  observer  to  the  reflecting  surface  ex- 
ceeils  C)i)\  feet  (20  metres),  he  distinctly  hears  each  word  which  he 
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prononoce?  a  second  time :  this  i^  the  simple  echo.     If  each  wonl  is 
repeated  two  or  three  times,  it  is  a  multiple  echo. 

Let  us  undeistaod  the  cause  of  these  various  phenomena. 

However  abort  the  duration  of  a  sound  may  he,  the  sensation 
which  it  induces  in  the  ear  of  the  listener  leiniuns  a  certain  per- 
ceptible time,  which  is  al>out  -j'g  of   a  seoomL     During  this  time 
sound  tiuvela  nearly  34  metres,  so  that  if  the  distance  a  o  from  the 
obsen'er  to  the  reflecting  surface  (Fig.  97)  is  less  than  IT  metres,  the 
sound  of  the  word  which  he  has  pronounced  has  time  to  reach  the 
wall  and  retorn  to  his  ear  before  the  sensation  is  entirely  exhausted. 
The  reflected  sound  will  then  be  blended  with  that  which  he  hears  in 
a  direct  manner ;  and  as 
a  Dumber  of  partial  reflec- 
tions are  produced  in  dif- 
ferent parts  of  the  room,  a 
confused  murmuring  will 
follow,  which  is  called  a 
resonance.     The  same  ex- 
planation applies  to  the 
case  of  two  or  more  per- 
sona occupying  the  same 
room  and  speaking  either 
separately  or  together,  and 
the  resultiug  confusion  of 
sound   would    become 
greater  as  the  rapidity  of 
utterance  increased. 

If  now  the  distance  o  a  exceeds  17  metres,  when  the  sound  of  the 
syllable  is  reflected  to  the  ear  the  sensation  is  ended,  and  we  hear  a 
repetition  more  or  less  feeble  of  the  direct  sound.  This  is  an  echo. 
The  greater  the  distance,  the  greater  will  be  the  number  of  syllables 
or  distinct  sounds.  For  example,  let  us  suppose  this  distance  to  be 
180  metres,  and  that  in  one  second  the  observer  pronounces  three 
syllables,  tlie  words  being  Amicer  me :  to  go  to  the  reflecting  surface 
and  to  return,  the  sound  takes  a  little  over  a  second;  the  direct 
sensation  is  ended,  and  the  ear  hears  for  the  second  time,  distinctly. 
Answer  mf.     This  is  a,  simple  echo. 

A  multiple  echo  occurs  between  distant  parallel  reflecting  surbces. 
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III  thin  iuiitamM5,  the  mnnA  reflected  by  one  of  them  is  reflected  a 
second  tiui's  from  another,  and  so  on;  but  obviously ,  by  these 
successive  reflections,  the  sounds  are  weakened  more  and  more. 
Edifices,  rocks,  masses  of  trees,  even  clouds,  produce  the  phenomenon 
of  echo.  Among  the  most  curious  is  the  echo  of  the  chateau  of 
Simonetta,  in  Italy,  which  repeats  the  words  spoken  as  many  as  forty 
times  batween  the  parallel  wings  of  the  edifice.  We  find  in  the 
Coum  de  Phyaiqm  of  M.  Boutet  de  Monvel  a  curious  fact,  which 
visitors  to  the  Pantheon  can  verify.  In  one  of  the  vaults  of  this 
building,  "it  is  sufficient  for  the  guide  who  shows  them  to  strike  a 
sharp  blow  on  the  front  of  his  coat  to  awaken  in  these  resounding 
vaults  a  noise  nearly  equal  to  that  of  a  cannon."  This  is  a  phe- 
nomenon of  echo,  and  of  concentration  of  sound. 

In  ancient  and  modem  works  a  number  of  instances  of  multiple 
echoes  are  mentioned,  the  more  or  less  surprising  effects  of  which 
may  be  questioned,  but  they  are  all  easily  explained  by  the  suc- 
cessive reflections  of  sound. 

Such  an  one  existed,  it  is  said,  at  the  tomb  of  Metella,  the  wife 
of  Crassus,  which  repeated  a  whole  verse  of  the  jEtuid  as  many  as 
eight  times.  Addison  speaks  of  an  echo  wtiich  repeated  the  noise  of 
a  pistol-shot  fifty-six  times.  It  was  noticed,  like  that  of  Simonetta, 
in  Italy.  The  echo  of  Verdun,  formed  by  two  large  towers  about 
52  metres  apart,  repeats  the  same  word  twelve  or  thirteen  times. 
The  great  pyramid  of  Egypt  contains  subterranean  chambers  con- 
nected by  long  passages,  in  which  words  are  repeated  ten  times. 
Again,  Ikirthius  speaks  of  an  echo  situated  near  Coblentz,  on  the 
borders  of  the  Khinc,  which  repeats  the  same  syllable  seventeen 
times.  This  had  a  very  i>eculiar  effect,  because  the  person  who 
siK)ke  was  scarcely  heard,  whilst  the  repetitions  produced  by  the 
echo  were  very  distinct  sounds.  Among  echoes  in  England  we 
may  iioU*.  one  in  Woodstock  Park,  which  repeats  seventeen  syllables 
by  day  and  twenty  by  night;  while  in  the  Whispering  Gallery  of 
St.  Paul's  the  slightest  sound  is  answered  from  one  side  of  the 
dome  to  the  other. 

While  living,  for  some  years,  on  the  sea-coast  of  Hy^res,  I  heard  a 
most  magnificent  echo :  for  a  whole  morning,  reports  of  artillery  fired 
from  a  vesnol  anchored  in  the  roads  were  reflected  from  the  sides  of 
the  mountains  on  the  coast  in  prolonged  echoes,  which  made  me  at 
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first  imagine  the  presence  of  a  whole  fleet ;  the  effect  was  like  that 
of  thunderclaps.     A  single  discharge  seemed  to  last  a  minute. 

The  reflection  of  sound  is  subject  to  very  simple  laws,  of  which 
we  will  now  give  an  outline.  As  we  shall  presently  see,  they  result 
naturally  from  the  vibratory  movement  which  constitutes  sound,  and 
are  also  experimentally  proved  beyond  all  doubt. 

To  explain  this,  let  us  imagine  for  the  present  a  sound-ray,  like 
a  ray  of  light,  to  start  from  a  centre  of  disturbance  and  following  a 
right  line ;  when  this  ray  comes  in  contact  with  a  reflecting  surface, 
let  us  call  it  an  incident  ray;  then  the  reflected  ray  is  the  line 
along  which  the  sound  rebounds  from  this  surface  into  the  medium 
whence  it  came.  The  angles  which  the  incident  and  reflected  rays 
form  with  a  line  perpendicular  to  the  surface  at  the  point  of  inci- 
dence are  called  respectively  tlie  angles  of  incidence  and  reflection. 
These  definitions  being  clearly  understood,  the  following  are  the  laws 
of  the  reflection  of  sound  ; — 

First  law, — The  incident  sound-ray  and  the  reflected  sound-ray  are 
in  the  same  plane  with  the  line  perpendicular  to  the  surface  at  the 
point  of  incidtnce. 

Second  law, — The  angle  of  incidence  is  equal  to  the  angle  of  reflection. 

The  experimental  proof  of  these  laws  is  very  simple.  Let  us  place 
two  metallic  mirrors  of  a  para- 
bolic form — that  is,  obtained  by 
the  revolution  of  the  curve  called 
a  parabola  about  its  axis  (Fig.  98) 
— face  to  face  in  such  a  manner 
that  their  axes  coincide.  The 
parabolic  curve  is  necessary  be- 
cause it  possesses,  near  its  sum- 
mit A,  a  focus  F,  to  which  all 
lines  such  as  mz,  parallel  to  the 
axis  AF,  impinging  upon  different  ^'''  »8.-Pn»,»erty  ofihe,*rau.i.. 

points   of  the   parabola,   are   re- 
flected.    The  rays   proceeding   from   tlie   focus   and   those    parallel 
to  the  axis,  form  equal  angles  with  the  normals  to  the  parabola,  at 
every  point,  such  as  the  point  M.    All  rays  parallel  to  the  axis  coming 
in  contact  with  the  parabola  will  be  reflected  to  the  focus  at  F. 
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Now,  if  a  wiitch  is  jilacod  in  the  fdciiu  of  one  of  these  pamboUo 
mirron,  the  ftouiid-rHys  or  Bonorous  waves  produced  by  the  ticking 
movement  will  be  received  on  the  mirror  and  reflected  parallel  i6  the 
axis ;  they  then  will  strike  the  concave  surface  of  the  second  mirror 
and  be  concentrated  at  its  focus.  The  observer,  who  must  employ  a 
tube  in  order  not  to  intercept  the  waves,  will  easily  hear  the  sound 
of  the  watch  if  he  places  the  extremity  of  the  tube  at  the  focus 
of  tlio  second  mirror  (Fig.  09).  Tlie  sound  is  beard  nowhere  else, 
even  by  persons  who  place  themselves  near  the  space  between  the 
two  mirrors,  and  ut  a  short  distance  from  the  watch. 


The  KWTVK  called  an  elli)>so  has  two  foci,  and  the  rays  sent  from 
onii  are  n!tluctod  to  the  other.  A  room  with  an  elliptic  roof  should 
therefore  prrHliico  the  same  phenomenon  as  the  two  parabolic  ntirrors; 
ami  this  is  confirmed  by  experiment.  Tlie  Muw'uni  of  Antiquities 
at  tin-  Liuvre  ikim.-((>s:h.>!<  a  n>oni  of  this  kind,  in  which  two  {Krsims 
placed  nt  the  o|i)Hi!iiie  extremities  of  the  room  in  tlie  two  f<x'i,  are 
able  to  convennr  iti  a  whisper,  utterly  reganlless  of  the  presence  of 
IM'rKonx  who  WW  in  other  )MM{tiims. 
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lieflectioii  of  sound  is  made  use  of  in  many  instruments,  which 
we  shall  have  occasion  to  describe  when  speaking  of  (he  applications 
of  physics  to  the  sciences  and  arts. 

Sound  is  propagated,  as  we  have  before  seen,  by  all  elastic  media, 
but  with  varjnng  velocities,  which  depend  iu  a  certain  degi-ee  on 
the  density  of  the  medium.  Wlien  sound  passes  from  one  medium 
to  another,  its  velocity  changes ;  and  if  it  enters  tlie  second  medium 
obliquely,  a  deviation  of  the  sonorous  wave  results,  which  deviation 
brings  the  ray  nearer  the  normal  to  the  surface  of  separation  of  the 


two  media,  if  the  velocity  is  leas  in  the  second  than  in  the  first. 
When  a  ray  enters  a  prism  in  which  it  is  retarded,  light  undergoes 
a  similar  deviation,  which  was  proved  by  experiment  long  before  the 
tnie  theoretical  explanation  was  discovered ;  and  as  the  phenomenon 
has  been  long  known  as  refraction,  the  name  of  refraction  of  sound 
has  been  given  to  the  similar  deviation  of  the  sound-waves.  M. 
Sondfaauss  has  placed  the  existence  of  this  deviation  beyond  doubt 
by  the  following  experiment.  He  made  a  leus  of  collodion,  and 
filled  it  with  carbonic  acid  gas.     In  this  gas,  the  velocity  of  sound  is 
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less  than  in  air.  The  sonorous  waves  which  impinged  upon  thn 
convex  surface  of  the  lens  were  refracted  on  passing  through  the 
gas,  and,  issuing  on  the  opposite  side,  were  brought  tu  a  focus.  If 
a  watch  is  placed  in  the  axis  of  the  lens  on  one  side,  there  is  on  tlie 


axis  at  the  otiier  side  a  point  where  tlie  ticking  of  the  watch  is 
heard  distinctly,  and  better  than  in  any  other  place.  There  is  there- 
fore an  evident  convergence  of  the  sonorous  waves  towards  Uio 
conjugate  focus  of  the  lens;  and  in  this  we  have  a  proof  of  tlie 
refraction  of  sound. 
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(CHAPTER    IV. 

S  O  X  0  U  0  U  S     VIBRATIONS. 

Kxperiments  which  prove  that  sound  is  produced  by  the  vibratory  movement  of  the 
particles  of  solid,  liquid,  and  gaseous  bodies — Vibrations  of  a  cord,  ro<l,  or  bell 
— Trevelyan's  instrument — Vibrations  of  water  and  of  a  column  of  air — Nature 
of  sound  :  pitch,  intensity,  and  clang-tint — The  pitch  depends  on  the  number 
of  vibrations  of  the  sounding  body  ;  Savai-t's  toothed  wheel ;  Cagniard-Latour's 
and  Seebeck's  syrens — Graphic  method — Variable  intensity  of  sound  during 
the  day  and  night — Limit  of  perceptible  sounds. 

OOUND  is  a  vibratory  movement. 

Sonorous  bodies  are  elastic  bodies,  the  molecules  of  wliicb,  under 
the  action  of  percussion,  friction,  or  other  modes  of  disturbance, 
execute  a  series  of  alternating  movements  across  their  position  of  rest. 
These  vibrations  are  commimicated  to  surrounding  gaseous,  liquid, 
and  solid  media  in  every  direction,  and  at  last  reach  the  organs  of 
hearing.  The  vibratory  movement  then  act«  through  the  drum  of 
the  ear  upon  the  special  nerves  of  tliat  oi-gan,  and  produces  in 
the  brain  the  sensation  of  sound. 

The  existence  of  these  sonorous  vibrations  may  be  proved  by 
very  simple  experiments. 

If  we  take  a  violin  string  and  stretch  it  at  its  two  extremities  upon 
a  surface  of  a  darkish  colour— this  condition  is  realized  in  stringed 
instruments — and  if  sound  is  then  produced  l)y  the  aid  of  a  trans- 
verse bow,  or  by  plucking  the  string  from  its  position  of  rest,  tlie 
string  will  appear  to  expand  frt)m  its  two  extremities  to  the  middle, 
and  will  here  piesent  an  apparent  enlargement,  due  to  a  rapid 
alternating  movement  across  its  normal  position.  Tlie  string  is  seen 
at  the  same  lime,  so  to  speak,  in  its  extreme  and  in  its  mean 
positions,  in  consequence  of  the  pei'sistence  of  luminous  impressions 
on  the  eye.     (Fig.  102.) 
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Tn,'vely:ui's  instruiiu-ni,  of  whii-h  wf  have  sjx'ken  Wfuw.  uu<l 
by  the  aid  of  whii-h  s*iiiiiil<  :ire  i>l>taiuttl  l-y  ihe  oi'iitact  of  two  soHil 
Uxlies  at  uiit'i|iial  te»iin'ratuivj^  also  juvves  tlu'  existein'o  of  the 
vihratioQs  uhieU  pnniui-e  ^itimL  If  we  i>lai.v  a  Kir  teriiiiiiateil  Ky 
two  kiiolks  oil  the  heate-l  metal,  the  weight  of  thi;!  Imr  tx'iiilers  its 
viltrations  slower,  una  we  can  w.tieh  the  atteniatiii^*  inotioti  of 
the  roil  an<l  knoh*.     ^Fi^'.  10i;/>     Tymlall  ha*  (ievistnt  an  iii>:^nio)i:^ 


way  of  showing  these  vihi-ations.  Ho  fixes  at  the  eeiitre  of  the 
vibrntitig  metal  a  small  ili^c  of  poHsIkhI  silver,  on  whieh  a  iH'ani  of 
the  electric  light  is  cast.  The  light  i?i  rofleeteii  from  the  mirror  to  a 
screen,  and  as  soon  as  the  wurni  metal  comes  in  contaet  with  the  eold 
lead,  the  motion  of  the  3|>ot  of  light  is  a))])nr('n1  on  the  screen.  When 
we  study  the  effects  of  heat,  we  shall  oliserve  that  the  eniise  of  the 
osoillationa  of  the  iiiet^d,  in  Trevclyan's  instniment,  is  the  ulternate 
dilatation  of  the  lead  at  the  (joints  of  contact  tif  the  warm  metal ;  this 
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Ijfdly  jirioliKj'-t  u  HiMiiid,  tlit;  vibratory  iiioveiiifur  is  ivttdily  fviult-ivd 
[nTCfiitiMi;  by  tin;  trijiiibliiif;  cumiminii-ate.]  t»  tlit  liaiid  im  toiicli- 
iii^  it,  TIm!  vihrati'iiiH  of  li'iujils  ami  ^mses,  when  tliey  ]tr>idiu-i'  "r 
liMlitniit  -iiiiii'!,  niii  al-o  Ik-  rfii>l<^r<-'l  visirjlt-. 

A  ^'l;.w  j,'..l.l.-t..  Ii..lr  lill.-l  with  M-at.T,  vihnitfs  lik.-  lli.-  -]:i=^  h.-ll  ..I' 
hIjj.Ij  w.-  h^iv.-  «|,..k.-i..  whi-ri  th.!  .-.l-fs  ar«  Milib.-.i  .-ith-r  wilh  ihr 
w.-l  ^■n,■•<■r  nr  uilli  a  l«.w.  rf-jg.  Hlft.j  W.^  ..h-n-rvc  also  on  id-  <iirfiKv 
<i[  111'-  Ijijiiiil  ;i  iiiitliitihli-  i.l'  wi(v.*,  wliirh  atv  iliviilf.I  iiUn  Imir  hihI 
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soiafliniis  iiitn  six  priiu-i|u)l  ;;r»ups,  ami  th*'«'  waves  liettmie  more 
-terrateil  a.«  tlie  &nmil  Iwtonn-s  more  sli.trp.      If  llie  $ouiul  is  jcivatly 


iiitensitieil,  tlie  amplitude  of  tlie  vibrations  bi'cinues  so  pnnt  Hint  ihi' 
WHter  is  jerked  fivm  each  seetimi  in  the  form  of  tine  rain,     I-istly.  if 


we  coniiei^t  ii  simoroiis  tube  witli  ii  pair  of  lellows,  we  cau  pmve  tlie 
vibration  of  tbe  interior  eohnini  of  air  in  tbe  followin<:  numm-r.     A 
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fnime  <.'(ivt.'ri.<<l  with  a  iiioiiibiiiiiu  is  )iii>iM^>iiile(l  by  a  stiiti^  in  the  iiituiior 
of  the  tube ;  when  thi;  liihc  is  i.-aii>L-<l  tu  uiiiit  a  isuiuid,  we  [x^rcuivc  the 
^'Riiii^  uTijuiiil  whidi  iireviously  weiXi  at 
H'.sl  uii  the  mtiiiibiiuiu  ti)  lio  jerked  u)i; 
thiiH  jiruviii*,'  that  the  vibnilioiis  of  thtt 
yast.'uus  euliimn  h^ivt:  been  tiunsiiiittetl 
tu  tbti  nii;iiibmi:«  itai.')r  luid  to  the  li<>ht 
(,'raiiKt  wliich  kAvX  iijioii  it.  (Fi;;.  109.) 
Vibiiit ioijs  tniiisitiittL-(l  by  the  iiiv  tiomtitinies  jwa-wsM  p-eat  jiowtr, 
Wiiitlow-paia-M  shake  and  arc  suiiielinieH  even  broken  in  the  nei;^h- 
Umrhooil  of  a  very  luinl  ivpnil,  siurb  as  tlmt  of  a  cimiion. 


.r  -Tn-xc-,-. 


\\v  hiiw  Mills  il.-iaiinstniti-il  by  v\\,v 
at  *i<ixw\  ii"^iill-i  fii.tii  ;i  vibi'iilory  niotii 
<i.>]i.l.  Ii<|iti.|.  <>i'^a-'.'..iw  i-hHlj.'  bo,U.-s. 
iiii'ii  to  th'-or-^.n  Ml  b.'i.iiii.i:  l>y  t]i.-  inl 


imi'iit  I)))-  IhikImiju'IMjI  I'a.l 

II  |.r.Mhli-.>il  bylb-tJinlculis 

whi.h  vibr^itioi.s  iur  trans- 
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which  extend  between  the  sonorous  body  and  the  ear.  We  now 
understand  why  sound  is  not  propagated  in  a  vacuum.  The  bell 
struck  under  the  i-eceiver  of  the  air-pump  vibrates  freely,  but  its 
vibrations  are  no  longer  transmitted,  or  at  least  are  very  imperfectly 
transmitted,  by  the  cushion  which  supports  the  instrument,  and  by 
the  small  quantity  of  air  which  always  remains  in  the  most  com- 
plete vacuum  which  it  is  possible  to  produce  by  an  air-pump. 

We  shall  endeavour  shortly  to  give  some 
idea  of  the  nature  of  sonorous  vibrations,  and 
of  the  successive  condensations  and  dilatations 
which  result  from  their  propagation  through 
elastic  media,  in  order  to  explain  how  the 
laws  of  acoustics,  which  all  our  observations 
and  experiments  confirm,  have  been  proved 
by  theory.  For  tlie  present  we  will  con- 
tinue to  describe  phenomena. 

Sounds  are  distinguislied  from  each  other 
by  several  characteristics,  which  we  will 
next  describe. 

The  most  important  of  these,  not  so  nmch 
from  a  physical  as  from  a  musical  point  of 
view,  is  the  "  pitch,"  that  is  to  say,  the  degi*ee 
of  acuteness  or  of  graveuess  of  sound.  Every 
one  can  distinguish  acute  from  grave  sounds, 
whatever  may  be  the  sonorous  body  which 
produces  them.  Two  sounds  of  the  same 
pitch  are  said  to  be  in  unison.  The  intensity 
of  a  sound  is  quite  different  from  the  pitch;  f,,;.  loy-viumtionsof  «ga««ou8 
the  same  sound  can  be  loud  or  feeble,  with-  cuiuujn. 

out  ceasing  to  have  the  same  degree  of  acuteness  or  of  graveness. 

I^astly,  different  sounds  are  distinguislied  from  each  other  by  their 
quality,  or  "  clang-tint,"  as  Tyndall  proposes  to  call  it  {timbre,  French ; 
klangfarbe,  German).  Wben  a  flute  and  a  violin,  for  example,  emit 
the  same  musical  sound  wdth  equal  force,  the  ear  will  not  fail  to 
distinguish  a  difference  between  the  two  sounds,  such  as  it  will  be 
impossible  to  confound  them.  It  is  this  peculiar  quality  by  which 
we  recognize  the  sound  of  a  voic^  which  is  familiar  to  us. 

The  pitch  of  a  sound  depends  on  the  greater  or  less  number  of 
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vibratiotui  whicli  are  pi-oduced  by  the  sonorous  body  and  propagated 
tbrougli  tlie  motlia  by  the  bclp  ol  wliicli  sound  is  conveyed.  Tliis 
number  iacreasfS  as  tbc  sound  bt:i;onies  mora  shrill,  and  we  shall 
now  see  by  what  mcnns  i>1iilosophei-s  have  proved  this  important  fact, 
and  how  they  have  counted  these  movements,  which  the  eye  or  our 
other  senses  could  only  observe  in  a  more  or  less  confused  manner. 

The  toothed  wheel  invented  by  Savart  enables  the  number  of 
vibrations  which  produce  a  given  note  to  be  determined.  The  sound 
— which  to  give  ns  a  musical  note  must  fall  with  r^ular  pulsations 


(111  our  eai-s,  irregular  pulsations  only  producing  itmat — is  productnl  in 
this  instrument  by  the  teeth  of  a  rapidly  revolving  wheel  striking 
against  a  piece  of  card.  When  the  velocity  of  the  wheel  is  small,  we 
only  hear  a  .series  of  sejiarate  strokes,  the  whole  of  which,  prui>erly 
Bjmaking.  do  not  produce  a  musical  note,  and  the  pitch  is  conse- 
(|uently  iibm-iit.  Hut  in  proportion  as  the  velo<:ity  of  the  wheel 
increaws,  the  niultijilied  vibrations  of  the  card  transmittal  to  the 
air  pniihiii-  n  continuous  and  regular  niiU-,  the  acuteness  of  which  is 
yrcutcr  iw  tilt-  velocity  of  the  wheel  intrcasi's.  An  iiidiciitor  is  fixeil 
to  tlie  tcH)llii->i  whi'cl,  wliicli  gives  the  number  of  ivv<)Iutiims  which  it 
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makes  in  a  siicond :  tliia  iiumlier,  multiplied  by  tliat  of  the  teeth, 
gives  the  half  of  the  total  iiuiubfsr  of  vibrations;  for  it  is  clear  thnt 
the  card,  at  first  bent  from  its  jMJsition  of  rest,  afterwards  returns  on 
itself,  and  produces  two  vibrations  for  each  tooth  which  strikes  it. 

Savart  obtained  with  a  wheel  furnished  with  C'lO  teeth  as  many 
as  forty  revolutions  a  second,  and  consequently  48,000  vibrations 
in  the  same  time;  whii:h  con'esponds,  as  we  shall  see  further  on, 
to  a  sound  of  extreme  elevation  or  aciiteness. 

Tlie  Syren,  invented  by  C'agniard-Latour,  is  also  iised  to  measure 
(even  with  greater  precision  than  the  tootlied  wheel  of  Savart)  the 
vibrations  of  a  jjiven  sound. 


In  this  ingenious  iiistnuneiit  tlie  sound  is  produced  by  a  current 
of  air  from  a  pair  of  bellows,  which  air  pusses  through  a  serie-s  of  holes 
placed  at  equal  ilistanoes  round  two  metallic  plates,  one  being  fixed 
and  the  other  moveable.  When  the  holes  correspond,  tins  cuirent  of 
air  passes,  and  its  foire  of  expulsion  acting  on  the  oblique  channels 
which  form  the  holes,  gives  movement  to  the  upper  jilate.  This 
act  causes  ttie  cnincidence  to  cerise,  then  estalili-thes  it  again,  then 
stops  it.  and  so  i>n,  the  result  Ijcing  the  proiluetinu  of  a  series  of 
puffs  which  produce  vibrations,  increasing  in  rapidity,  in  the  air. 
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If  there  are  twenty  holes,  there  are  forty  vibratiuna  for  each  turn 
of  the  plate ;  bo  that  in  counting  the  number  of  revolutions 
which  are  effected  for  a  given  sound  in  a  second,  the  total  number 
of  vibrations  can  be  easily  calculated.  The  axis  of  the  moveable 
plate  works,  by  means  of  an  endless  screw,  in  a  toothed  wlieel, 
the  number  of  teeth  beiug  equal  to  that  of  the  divisions  of  a  dial 
outside.  When  the  wheel  advances  a  tooth,  the  needle  marks  one 
division ;  so  that  the  number  of  divisions  passed  over  by  the  needle 
gives  that  of  the  turns,  and  then,  by  simple  umltiplicatioD,  that  of  the 


sonorous  vibrations.  At  the  end  of  each  revolution,  a  catch  turns  a 
second  wheel  one  division ;  so  that  if  the  first  wlieel  has  a  hundred 
teeth,  the  needle  of  the  second  dial  indicates  hundreds  of  turns. 

The  indicator  is  disposed  so  that  it  only  moves  at  will ;  that  is  to 
say,  when  the  attained  velocity  hn-s  produced  the  note  which  we 
desire  to  examine  as  regards  the  number  of  vibrations  which  consti- 
tute it  The  chief  difficiiUy  is  to  maintain  a  con.ftnnt  velocity,  so  as 
to  have  ii  nolc  of  invariable  pilch  for  as  Ii'iig  n  Muiu  us  iwscible. 


A-u.\'oiiOL;s  yibha  tioss. 

The  syven  also  acts  iu  water ;  in  this  case  the  liquid  I'ushes 
through  tlie  holea  uuder  the  pressure  of  a  lofty  column  of  water, 
uikI  thus  produces  vibrations.  Tlie  sound  which  follows  proves 
that  liquids  enter  into  direct  vibration,  like  gases,  without  sound 
being  communicated  to  them  by  the  vibrations  of  a  solid.  Tlie 
name  Byren  comes  from  the  circumstance  that  the  instrument  sings 
uuder  water  like  the  enchanti'esses  of  the  fable. 

Seebeck's  syren,  represented  by  Fig,  113.  is  constructed  in  quite 
a'differenl  manner,  but  the  principle  is  the  same,  viz.  that  the  note 


is  produced  by  the  rpguhir  passage  of  air  in  puffs  through  the  holes  ol 
a  disc.  The  disc  is  caused  to  rotate  by  clockwork,  and  the  velocity 
of  its  rotation  is  measured  by  an  indicator.  Around  it  ia  a  wind- 
chest  communicating  with  a  pair  of  bellows :  and  it  acts  as  distributor 
of  the  current  which  is  transmitted  by  caoutchouc  tubing  to  any 
series  of  holes  in  the  disc  which  the  experimenter  may  wish  to  use. 

A  great  number  of  experiments   can  be  made  with  this  syren 
by  varying  llie  number  ami  distribution  of  the  holes  in  different  discs 
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Lastly,  orrcain  ;,'rapliic  tiictlKxI?.  rwtotly  idvi^iichI.  i-u:  th^  tirs; 
iilea  of  wbicli  ia  Jue  to  ^vart,  allaw  us  t-j  lictcriuinr  wicii  t-x^'ti- 
taJe  the  nutuber  uf  sffuoruiis  vil»r»ti<>us. 

A  taniug-fork,  or  uit:taliic  rod.  fiiruiabt^l  witL  very  fine  (joints. 
iiiay  be  caiucU  tu  trace  unilutating  liiie^  <id  the  ^uKaiie  uf  a  tiiruiii;^ 


cyliiiiW  covcn-i!  with  lain p- black.  Tbt'  iinnibor  of  MiuKisiitip.-;  thii* 
mnrkeil  is  tliat  of  tljc  vibratiims.  This  iiH-tli'id  is  sp-'ci;illy  (■niplnyci) 
wbcn  wi'  wi-ili  to  roTii|inri'  toj,'ctlier  two  siniiuls  with  rcsjx-rl  ti>  tlifir 
(litfb.  Kur  (.•xiiKijilf,  we  fix  (111  a  tiiiiiii^'-fork  llic  jmiiit  wliii-li  tri<f< 
lb«;  Himioiis  liii(;s,  itiiil  1)11  11  sci-niiil  til iiiii<;- folk  the  plttti.'  LOVfreil  witli 
Intnjt-blai'k  wbcn-  tlicsf  lini""  aiv  tmci'it.  Then  <'iiusiii^  tbi-  Iw"  tiiiiiii;^- 


HA1-.   IV.] 


i!0.\'OJ{0C.-i-  VIBHATWXS. 


157 


folks  to  vilirate  Hiiiiultaneously,  the  sinuous  line  obtained  will  be 
evidently  tlie  result  of  tlie  combination  of  two  vibratory  movements, 
jhimllel  if  the  two  tuuing-l'orks  vibrate  in  the  same  direction,  rectan- 
jjnlar  if  Uiey  vilirate  at  right  angles.  Kigs.  115  and  IIG  are  fac- 
similes of  proofs  obtained  by  these  two  combinations  for  various 
musical  intervals. 

The  various  experiments  which  we  have  just  described  tend  t4i 
jirove  that  the  pitcli  of  a  sound  de|>ehds  only  on  the  number  of 
vihmtions  executed  by  tlie   snnomus  iKidy  in   a   yiven   time.     The 


intensity  of  the  sound,  whether  strong  or  feeble,  undergoes  no  change ; 
the  nature  of  the  sonorous  body  and  the  particular  quality,  which  is 
called  the  clang-tiut,  lias  likewise  no  inHuence  ou  the  number  of 
vibrations. 

The  amplitude  of  the  vibrations  gives  to  sound  greater  or  less  in- 
tensity, as  may  \k:  proved  by  many  familiar  experiments.  When  a  bow 
is  drawn  across  the  string  of  a  violin,  or  of  any  other  similar  instru- 
ment, the  sound  ilecirases  in  jiroportion  as  the  vibrations  of  the  cord 
is  le^s  consideralih'.  The  more  vigorous  the  friction  of  the  bow,  the 
nioit^  marked  are  the  oscillations,  and  the  intensity  of  the  sound  is 
givater.     Since,  tlieii,  its  pik-h  is  not  miHlihed.  it  must  be  i-oni-huled 
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that  the  number  of  vibnitions  is  not  altered,  although  the  vibrations 
of  the  cord  arc  made  with  greater  rapidity,  the  path  travei-sed  in  an 
equal  time  being  greater  when  the  amplitude  is  itself  greater. 

When  an  elastic  body  produces  a  sound,  the  molecules  of  whicli  it 
is  composed  are  not  equally  moved  from  their  positions  of  rest :  there 
are  some  even,  as  we  shall  soon  see,  which  remain  in  a  state  of  repose. 
A  bell,  for  example,  when  struck  by  a  hammer,  is  caused  to  become 
elliptic,  first  in  one  direction,  then  in  another  at  right  angles  to  the 
first.  The  zones  of  metal  at  its  base  execute  slower  vibrations  and 
of  greater  amplitude  than  the  zones  near  the  top.  But  the  solidity  of 
the  zones  or  rings  produces  a  compensation  l)etween  these  amplitudes 
and  the  different  velocities,  and  there  results  for  tlie  sound  produced 
a  mean  pitch  and  intensity  which  depends  on  the  dimensions  and 
nature  of  the  metal  of  which  the  bell  is  formed.  This  indicates  an 
evident  analogy  between  these  vibrations  and  the  oscillations  of  the 
compound  pendulum,  the  length  of  which  we  have  seen  is  a  mean 
between  the  lengths  of  the  oscillations  of  a  series  of  simple  pendulums 
of  different  lengths. 

The  above  remarks  relate  only  to  the  intrinsic  intensity  of  sound, 
whicli  depends  on  the  amplitude  of  the  vibrations  executed  by  the 
moving  molecules.  But  as  sound  is  transmitted  to  our  ear  through 
the  medium  of  the  air,  the  intensity  wiU  be  greater  as  the  volume  of 
air  displaced  is  at  the  same  time  more  considerable,  and  conse- 
quently the  dimensions  of  the  sonorous  body  will  themselves  be 
greater.  A  string  stretched  on  a  straight  piece  of  wood  gives  a 
weaker  sound  than  if  it  were  stretched  on  a  sounding-board,  as  in 
musical  instruments,  the  violin,  piano,  &c.  Most  peoj)le  know  that  if 
a  tuning-fork  is  caused  to  vibrate  first  in  the  air,  and  then  placed  on 
a  table  or  on  any  other  elastic  body,  the  sound  acquires,  by  this 
increase  of  volume  of  the  vibrating  body,  a  much  stronger  intensity. 

The  intensity  of  a  sound  received  by  the  ear  at  different  distances 
decreases  in  the  inverse  ratio  of  the  square  of  the  distance.  Thus, 
at  10  metres  the  intensity  is  four  times  greater  than  at  20  metres,  nine 
times  more  than  at  30  metres,  «S:c.  provided  that  the  circumstances  of 
the  j)roi»agation  remain  the  same,  and  that  reflecting  bodies  are  not 
present  to  stn^ngtlien  the  sound.  Hence  it  follows  that  if  two  sounds, 
one  l)eing  four  times  louder  than  the  other,  are  produced  at  two 
different   stations,  the   (»bserver  who   is   placed   at   one-third   of   the 
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distance  which  separates  them  from  the  weakest,  will  believe  that 
he  hears  two  sounds  of  the  same  intensity. 

The  reason  is  as  follows : — Sonorous  waves  are  propagated  spheri- 
cally around  the  centre  of  disturbance,  hence  the  vibrations  put  into 
movement  successive  spherical  shells,  the  volume  of  which  is  in  pro- 
portion  to  the  surface,  and  increases  therefore  as  the  squares  of  their 
distances  from  the  centre.  Since  the  masses  of  the  dispersed  layers 
are  greater  and  greater,  the  movement  which  is  communicated  to 
them  by  the  same  force  must  diminish. 

In  columns,  or  cylindrical  tubes,  the  successive  impulses  are  equal: 
the  intensity  of  the  propagated  sounds  must  therefore  remain  nearly 
the  same,  whatever  the  distance  may  be.  This  is  also  confirmed  by 
observation.  M.  Biot,  in  the  experiments  by  which  he  determined 
the  velocity  of  sound  in  solid  bodies,  proved  the  fact,  that  the  sound 
transmitted  by  the  air  in  the  pipes  of  the  aqueducts  of  Paris 
was  not  sensibly  enfeebled  at  a  distance  of  nearly  a  kilometre. 
Two  persons  speaking  in  whispers  could  easily  hold  a  conversation 
through  these  pipes.  "There  is  only  one  means  not  to  be  heard," 
says  M.  Biot, — "not  to  speak  at  all.'* 

Speaking-trumpets  and  acoustic  tubes  are  applications  of  this 
property  which  we  have  just  described.  We  shall  speak  of  some 
of  these  hereafter. 

This  property  of  cylindrical  sound  channels  explains  certain 
acoustic  effects  shown  in  rooms  or  vaults  of  diflTerent  monuments. 
The  mouldings  of  the  vaults  or  walls  form  channels  where  the  sound 
is  propagated  with  great  facility  and  without  losing  its  first  intensity. 
In  Paris,  there  are  two  rooms  of  this  kind ;  one  square  and  vaulted, 
situated  at  the  Conservatoire  des  Arts  et  Metiers;  the  other,  of  a 
hexagonal  form,  is  in  the  Observatory  of  Paris :  in  both,  the  angles, 
being  joined  by  an  arch,  form  deep  furrows,  which  eminently  conduce 
to  the  conduction  of  sound  without  enfeebling  it.  Two  persons  also 
can  converse  in  whispers,  from  one  corner  to  the  other,  without  the 
auditors  placed  between  them  being  able  to  hear  any  of  their  conver- 
sation. In  St.  PauFs  Cathedral  the  gallery  of  the  dome  aflPords  a 
similar  instance ;  the  gallery  of  Gloucester  is  another  example,  the 
cathedral  of  Girgenti  in  Sicily,  and  the  famous  grotto  of  Syracuse,  at 
the  present  day  known  as  the  "  Grotta  della  Favella,"  and  in  olden 
times  as  that  of  the  Ear  of  Dionysius.    It  was  in  the  ancient  Latomitr, 
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or  quarries  of  Syracuse,  that  the  Tyrant  had  contrived  a  secret  coui- 
niunicatioii  betweeu  his  palace  and  the  caverns  where  he  kept  his 
victims,  taking  advantage  of  the  jieculiar  arrangement  of  the  grotto 
to  listen  to  their  conversation. 

The  intensity  of  the  sound  perceived  varies  acconling  to  the 
density  of  the  medium  which  propagates  it.  We  have  seen  this 
already,  in  the  experiment  nmde  under  the  receiver  of  the  air-pump : 
the  sound  of  the  bell  is  enfeebled  in  proportion  as  the  vacuum  is 
increased.  The  contrary  would  take  place,  as  Hauksbee  has  proved, 
if  the  air  were  compressed  in  the  receiver  wherein  the  sonorous 
body  is  placed.  Persons  wlio  ascend  into  the  high  regions  of  the 
air^  either  on  mountains  or  in  balloons,  all  prove  the  gradual 
decrease  of  sound  due  to  the  diminution  of  the  density  of  the 
atmospheric  air.  In  water,  the  sonorous  weaves  are  transmitted  with 
greater  intensity  than  in  air,  if  the  sonorous  body  vibrates  with 
the  same  energy  in  both  media.  In  solid  bodies  of  cylindricid  or 
prismatic  form,  sound  is  propagated  without  being  enfeebled  as  much 
as  in  the  air  or  other  gases.  We  most  of  us  know  the  experiment 
of  placing  the  ear  at  the  end  of  a  long  wooden  beam,  when  we 
can  hear  very  distinctly  the  slightest  noise — for  example,  that  pro- 
duced by  the  friction  of  a  pin.  Savages  place  the  ear  near  the 
ground  to  hear  distant  sounds  which  could  not  be  transmitted  by 
the  air  through  the  same  distance. 

It  is  a  fact  generally  known  and  of  easy  observation,  that  sound  is 
heard  further  during  the  night  than  during  the  day.  This  increase  of 
intensity  is  attributed  to  the  homogeneity  of  the  strata  of  air  and 
their  relatively  calm  condition,  whi(di  allows  the  sonorous  waves  to 
be  propagated  without  losing  their  amplitude  by  reflection.  It  must 
also  be  remembered  that  during  the  day  various  noises  conduce  at 
the  same  time  to  make  an  impression  on  the  ear,  each  of  which  must 
be  less  easily  distinguished.  According  to  the  observations  of  Bravais 
and  Martins,  the  distance  to  which  a  sound  reaches  depends  also  on 
the  temjHjrature  of  the  air :  this  distance  is  greater  during  the  cold  of 
winter,  in  snowy  regions  of  the  pole,  or  high  mountains.  Here  it  is 
to  the  homogeneity  of  the  air  rather  than  to  its  density  that  we 
must  attribute  the  caust*  of  this  fact,  for  on  the  sunnnit  of  mountains 
the  density  of  the  air  is  less  than  in  the  ]>lains.  The  intensity  of 
transmitted  sound  certainly  depends  on  the  state  of  repose  or  agita- 
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tion  of  the  air.  In  calm  weather  it  is  distiiictlv  lieard  at  <2:roat 
distances:  wind  enfeebles  sound  even  when  it  conies  from  the  point 
where  tlie  body  j^ives  out  the  sounds.  The  direction  of  tlie  viVmitions, 
that  is  to  sav,  the  manner  in  which  the  auditor  is  turned  relatively  to 
the  point  whence  the  sound  starts,  lias  also  a  great  influence  on  its 
intensity.  ^Vhen  we  hear  the  Hourish  of  a  hunting  horn,  if  the 
performer  turns  the  mouth  of  his  instrument  in  different  directions 
the  intensity  varies,  so  that  it  seems  sometimes  to  get  nearer  to  and 
sometimes  further  from  the  place  where  the  auditor  is. 

The  circumstances  which  tend  to  modify  the  intensity  of  sound 
are  therefore  very  varied.  It  is  therefore  ditHcult  to  determine  the 
greatest  distance  to  which  it  can  reach.  In  the  remarkable  examples 
which  are  quoted,  of  sounds  heard  at  considerable  distances,  it  is 
probable  that  it  is  the  ground  rather  than  the  air  which  serves  as  a 
vehicle  to  the  sonorous  vibrations.  We  have  already  quoted 
Humboldt  on  the  subject  of  the  reports  produced  l»y  eartli([uakes  and 
volcanic  eruptions,  which  are  propagated  to  distances  of  800  to  1,200 
kilometres.  Chladni  relates  many  facts  which  prove  that  the  noise 
of  cannon  is  often  heard  at  very  great  distances;  at  the  siege  of  (ienoa 
it  was  heard  at  ninety  miles  from  Italy ;  at  the  siege  of  ^lannheim 
in  1795,  at  the  other  side  of  Souabia,  at  Xordlingen  and  Wallerstein ; 
at  the  battle  of  Jena,  between  Wittenberg  and  Treuenbrietzen.  "  I 
have  myself  heard,*'  he  says,  "  cannon-shots  at  Wittenberg  at  seven- 
teen German  miles,  not  so  much  by  the  air  as  by  the  disturbance 
of  solid  bodies,  by  placing  the  head  against  a  wall." 

Nevertheless,  sound,  such  as  the  rolling  of  thunder  and  the  detona- 
tions of  meteors,  which  sometimes  burst  at  enormous  heights,  is  often 
propagated  to  a  great  distance  by  the  air.  Chladni  mentions  certain 
meteors  the  explosion  of  which  was  not  heard  until  ten  minutes  after 
the  luminous  globe  was  seen :  this  supposes  a  height  of  not  less  than 
200  kilometres.  The  bolide  observed  in  the  middle  of  France  on  the 
14th  of  May,  1804,  presented  the  same  peculiarity,  and  the  observers 
calculated  four  muiutes  between  its  appearance  and  the  perception  of 
the  noise  of  its  report.  "  In  order  to  have  an  explosion,"  says  M. 
Daubree,  writing  on  this  subject,  *  produced  in  strata  of  air  sutKciently 
rarefied  to  give  place  on  the  surface  of  the  earth  to  a  noise  of  such 
intensity,  and  over  a  horizontal  extent  so  considerable,  we  must  admit 
that  its  violence  in  high  regions  exceeds  all  that  we  k!iuw."     I'nlcss 
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indeed,  this  is  au  effect  of  repert-usric^n  of  the  a^.^nud  on  straia  of 
of  une^iual  density,  analog«:»us  to  the  reeling  c<f  tLnnirr  in  st'i^rms. 

We  know  l»ut  little  at  present  of  the  prc^-in'.ti'.-n  <:*f  the  indeifinTte 
varieties  of  tones.  We  sliall  sfieak  Lerwifter  of  rettnt  re^earcbt^ 
on  this  suhject  :  the  pLeECBueta  wLitL  ▼e  ilh?:  iir?:  D«:^iie  are 
necessary  for  the  right  understandint:  of  the  prc»p<f5^  ex^*laxiatkiiis. 

Experimenters  have  tried  to  det^niiine  the  limit  of  f«eroepcible 
sounds ;  but  it  is  clear  that  this  limit  depends  l«rilT  on  the  senfibOitT 
of  our  organs.  The  most  grave  sound  appears  to  be  that  which  is  pro- 
duced by  a  sonorous  body  executing  thirty-two  simple  vil«mtioiis  in 
a  second  Savart  found  for  the  most  acute,  I^annj  vibrations.  But 
M  Despretz  made  a  series  of  tuning-forks  the  sounds  of  which  wei^ 
strengthened  by  resonant  boxes,  and  he  at  last  distinguished  the 
sound  of  most  extreme  sharpness  which  a  tuning-fork  can  produce 
to  be  caused  by  73,700  vibrations  per  second.  We  remember  assist- 
ing at  the  exi)eriments  of  this  learned  philosopher.  Such  shrill  sounds 
produce  in  the  organ  of  hearing  a  sensation  almost  doleful. 
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CIIAPl^EK  V. 

LAWS  OF  SONOROUS  VIBRATIONS,  IN  STRINGS,  RODS,  PIPES,   AND   PLATES. 

Experimental  study  of  the  laws  which  govern  the  vibration  of  strings — Monochortl 
or  Sonometer — Nodes  and  ventral  segments  ;  harmonics — Laws  of  the  vibra- 
tions of  sonorous  pipes — Vibrations  in  rods  and  plates — Nodal  lines  of  square, 
round,  and  polygonal  plates. 

TN  the  present  day,  the  art  of  music  is  so  generally  understood 
-^  that  such  of  our  readers  as  have  knowledge  of  it,  or  who  have 
seen  it  produced,  know  the  mechanism  of  stringed  instruments,  such 
as  the  violin. 

Four  strings  of  unequal  diameter  and  of  different  textures  are 
stretched  by  the  aid  of  pegs  between  two  fixed  points,  and  when 
caused  to  vibrate,  either  by  the  hand  or  by  drawing  a  bow  across 
them,  they  produce  sounds  of  different  pitch.  The  sounds  produced 
by  the  open  strings  (that  is  to  say,  when  they  vibrate  in  the  whole  of 
their  length)  must  possess  a  certain  connection  of  tone  between  them, 
of  which  we  sliall  soon  speak.  AMien  tliis  connection  is  destroyed, 
the  instrument  is  not  in  tune.  What  does  the  musician  then  do  ? 
By  screwing  and  unscrewing  the  pegs  he  stretches  more  or  less  those 
of  the  strings  whicli  do  not  give  out  the  desired  sounds:  as  he 
tightens  tliem  the  sound  becomes  more  acute ;  and,  on  the  other 
hand,  if  he  loosens  them  it  becomes  more  grave.  But  four  sounds 
would  not  be  sufficient  to  provide  all  the  varied  notes  of  a  piece  of 
music.  The  performer  nmltiplies  the  number  at  will,  by  placing 
the  fingers  of  his  left  hand  on  certain  points  of  each  of  the  strings. 
In  doing  this  he  reduces  to  different  lengths  the  portions  of  these 
strings  which  the  bow  causes  to  vibrate. 

These  facts  show  that  there  exist  certain  relationships  between 
the   pitch   of  the   different   sounds   given  out   by  the   instrument 
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a  second.  I-.et  us  place  the  moveable  bridge  first  at  the  half,  then  at 
J,  \y  and  yV  of  the  total  length;  and  in  each  of  these  successive 
positions  let  us  cause  the  shortest  |x>rtion  of  the  string  to  vibrate. 
Measuring  the  ditlerent  sounds  obtained,  we  shall  find  the  following 
number  of  vibrations  a  second  :  880,  1,320,  1,7G0,  and  5,280. 

It  only  remains  for  us  now  to  conipai*e  the  numlvers  which  indi- 
cate the  difierent  lengths  of  the  string,  and  those  which  indicate  the 
number  ol  vibrations,  to  understand  the  law. 


Length  of  string  .     .     . 
Number  of  vibrations  . 


Is  it  not  evident  from  this  experiment  that  the  number  of 
vibmtions  goes  on  increasing,  so  that  their  ratios  are  precisely  the 
inverse  of  those  which  the  lengths  of  the  strings  form  between  them- 
selves?    Such  is  the  first  law  of  vibrating  strings. 

Now,  without  altering  the  length,  if  we  stretch  the  same  string  by 
difTerent  weights,  and  compare  the  sounds  obtained,  we  shall  find,  for 
the  numbers  of  double,  triple,  or  quadruple  vibrations,  the  tensions  of 
the  strings  are  4,  9,  16,  &c.  times  greater.  The  numbers  of  vibrations 
follow  the  order  of  the  simple  numbers,  the  weights  or  tensions  follow 
the  order  of  the  squares  of  these  numbers.     This  is  the  second  law. 

The  strings  are  of  cylindrical  form.  Ia^I  us  change  the  diameter 
of  these  cylinders,  and  compare  the  sounds  produced  by  two  strings 
of  the  same  substance,  stretched  by  equal  weights  and  of  equal  length, 
but  of  different  diameters.  This  comparison  will  be  easy  with  the 
help  of  the  sonometer.  It  is  then  found  that  the  number  of  vibra- 
tions of  these  sounds  decreases  when  the  diameters  of  the  striuirs 
augment,  and  become  j)recisely  2,  3,  4  ...  .  times  less,  when  the 
diameters  are  2,  3,  4  .  .  .  .  times  greater. 

This  is  the  third  law  of  the  transvei^al  vibrations  of  vibratini; 
strings. 

There  is  a  fourth  law,  which,  like  the  otliers,  may  be  proved  by 
means  of  the  sonometer,  and  which  relates  to  the  density  of  the  sub- 
stance of  which  the  vilnating  string  is  coniposed.  Two  strings,  one 
of  iron,  the  other  of  i)latinum,  of  the  same  length  and  diameter,  are 
stretched  on  the  sonometer  by  e(|ual  weights.      The   sounds  which 
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they  will  give  out  will  be  tlie  more  grave  as  the  density  is  greater, 
so  that  the  iron  string  will  give  the  acute  and  the  platinum  the 
more  grave  sound;  the  ear  will  be  sufficient  to  judge  of  these 
differences.  Now,  if  we  measure  the  exact  numbers  of  vibrations 
which  coiTespond  to  the  two  sounds  obtained,  we  shall  find: — 

For  the  iron 1,610 

For  the  platinum 1,000 

We  not  only  speak  here  of  the  numbers,  but  of  their  relationship. 
Now,  if  we  multiply  each  of  these  numbers  by  itself,  if  we  take  the 
square,  we  find  2,699,600  and  1,000,000,  which  indicates  precisely 
in  an  inverse  order  the  densities  of  the  metals,  platinum  and  iron. 
The  density  of  iron  is  7*8,  that  of  platinum  21  04,  and  these  densities 
are  related  as  100  is  to  2*69.  Such  is  the  law :  other  things  being 
equal,  the  squares  of  the  number  of  vibrations  are  in  the  inverse 
ratio  of  the  densities  of  the  substances  of  which  the  vibrating  strings 
are  formed. 

In  the  preceding  remarks  we  have  spoken  only  of  the  transverse 
vibrations  of  strings,  that  is  to  say,  of  the  sounds  which  follow  either 
from  the  plucking  or  removing  a  string  from  its  position  of  rest,  or 
from  drawing  a  bow  across  it.  A  string  rubbed  lengthways  with  a 
piece  of  clotli  powdered  with  resin  also  emits  a  sound,  but  this  sound 
is  much  more  acute  than  when  it  vibrates  transversally,  so  that  the 
number  of  the  longitudinal  vibrations  always  exceeds  that  of  the 
transversal  vibrations.  As  this  method  of  causing  strings  to  vibrate 
is  not  employed,  we  need  not  enlarge  on  this  subject.  But  we  must 
not  conclude  the  subject  of  vibrating  strings  without  mentioning  a 
phenomenon  of  great  interest :  we  speak  of  nodes  and  ventral  seg- 
nunts,  and  the  particular  sounds  which  musicians  and  physicists  call 
harmonics.  Let  us  imagine  a  string  stretched  on  the  sonometer, 
or  on  any  musical  instrument,  and  let  us  fix  it  by  placing  our  finger 
at  the  middle,  and  then  cause  one  of  the  halves  to  vibrate  by  means 
of  the  bow  :  the  sound  produced  will  be,  as  we  shall  hear,  more  acute 
than  the  fundamental  sound — that  is,  the  sound  given  out  by  the 
string  when  its  whole  length  vibrates — the  number  of  the  vibrations 
being  doubled.  Musically  speaking,  this  is  the  octave  of  the  funda- 
mental note.  But  it  is  remarkable  that  the  two  halves  of  the  string 
vibmte  together,  which  may  be  proved,  first  ])y  putting  crosswise  on 
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the  centre  of  that  half  of  the  string  which  reinaios  fi-ee  some  little 
paper  riders,  wliich  jump  iilwut  and  fall  directly  the  snund  is 
produced;  secondly,  hy  proving  to  the  eye  the  existence  of  an  en- 
largement in  the  two  halves  of  the  string  (Fig.  US);  for  if  we 
remove  onr  finger  without  stopping  the  movement  of  the  bow,  we 
notice  that  the  sound  continues,  as  well  as  the  division  of  tl.e  string 
into  two  parts,  which  vibrate  simultaneously. 

Let  us  make  a  second  experiment,  and  place  the  finger  on  n  portion 
of  tlie  string  ono-tliird  of  its  entire  length  from  the  nearest  bridfje, 
continuing  to  dmw  the  bow  across  the  smallest  [Kirtion  {Fig.  llOj. 


The  sound  is  still  more  acute,  and  we  observe  the  whole  string  to 
be  divided  into  three  equal  parts,  vibrating  separately:  this  can  be 
proved  by  placing  the  riders  at  the  points  of  division,  as  well  as 
at  the  middle  of  each  third  of  the  string.  Tlie  first  remain  im- 
moveable, the  others  are  thrown  off;  which  proves  the  existence 
of  immoveable  points  or  nodes,  and  vibrating  parts  or  viilral 
sryments.  Against  a  black  gi-ound,  tlie  nodes  and  ventral  segments 
can   be  clearly   distinguished.      The    first    show   the   white    string 
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Musical  instrumeots  i-alied  icind-iastniKenls  are  formed  of  solid 
pipes, sometimes  prismatic  hdJ  sonietimes  cylindrical,  some  straight, 
others  mure  or  less  beut.  The  column  of  iiir  which  these  iustruments 
enclose  is  cauae<l  to  vibrate  by  means  of  a  mouthpiece,  the  form  and 
disposition  of  whicli  varies  according  to  the  nature  of  the  instruments. 
We  shall  have  occasion  to  describe  the  piincipal  instruments  M'hen 
we  treat  of  the  applications  of  Physics  to  the  Arts.  But  in  order  to 
simply  undei-stand  the  general  laws  which  regulate  the  vibration  of 
air  in  pipes,  we  shall  confine  ourselves  here  to  the  consideration  of 
straight  pipes  in  the  form  of  prisms  or  cyliuders,  such  as  exist  in 
organs-  Figi.  121  and  122  represent  the  exterior  view  and  the  sec- 
tion or  interior  view  of  two  pipes  of  this  kind.  We  can  see  at  the 
lower  part  of  each  of  tliem  the  pipe  through  which  the  air  supplied 
hy  the  bellows  is  caused  to  enter :  the  current  first  rushes  into  a  box, 


niid  tlienre  issues  hy  a  chink  which  is  cnlled  the  month  of  the  pipe, 
and  then  rushes  ajjainst  the  edfje  of  a  bevelled  plat<*.  A  part  of  the 
enrreut  escapes  by  tiie  month  at  the  exterior  of  the  pipe;  the  other 
part  penetrates  into  the  interior.  This  rupture  of  the  current  gives 
rise  to  a  series  of  condensations  and  dilatations  which  are  propagated 
in  the  column  of  air.  The  air  of  this  column  enters  into  vibration 
and  produces  a  continuous  sound,  the  pitch  of  which,  as  we  shall  see, 
varies  according  to  certain  laws.  The  mouthpiece  which  we  will 
describe  is  that  which  is  called  the  ffu/e  moitthpierr.  Experiment 
)iroves  that  if  we  substitute  in  the  same  pipes  mouthpieces  of 
different  forms,  it  will  only  modify  the  quality  of  the  sound  without 
changing  its  pitch.  The  pitch  does  not  depend  on  the  substance, 
woo<l,  ivory,  metal,  gla-ifs,  Ac.  which  composes  the  tnln',  whence  it 
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must  be  conclnded  that  t)ie  soanfl  resulta  only  from  the  ribratious 
of  the  column  of  air. 

Tlie  flcienco  of  acoufitics  owes  the  discovery  of  the  laws  which 
govern  the  viltrationa  of  sonorous  tul*es  to  Father  Mersenne  and 
iMoiel  BernoQillL  We  will  briefly  indicate  the  tn'tst  simple  of  these 
lawa  The  firMt  of  these  iavanti  showed  that  if  we  compare  the 
soandB  pitxluced  by  two  similar  pipes  of  different  dimensions — that 


in,  if  the  one  lias  all  its  dimensions  double,  triple,  &c.  those  of  the 
other — then  the  numlier  of  vibrations  of  the  first  will  be  2,  rt  .  .  .  . 
times  less  than  the  vibmtionH  of  the  other.  Tims  the  smaller  of  the 
pifKfl  rc^jin-sented  in  Fig.  123  will  give  twice  as  many  vibrations  as 
the  other:  the  sound  given  out  will  be  the  octave  of  the  sound  of  the 
hir^'unt  pipe.     This  di-scovery  is  due  t<j  Father  Mersenne. 

Snch  piin-s  are  sometimes  open,  and  somutimes  tlo.ied  at 
tlicir  iipjRT  end.  I'lit  the  law  wlticli  we  are  alwut  to  mention 
njiplies   lH>th   to    open    and    to    closed   pipeM.   provided   that   their 
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length  be  great  compared  to  their  other  dimensiona.  It  must  be  first 
observed  that  each  pipe  can  produce  many  sounds,  more  acute  or 
higher  as  the  current  of  air  is  greater.  Tlie  gravest  of  these  sounds 
is  called  the  fundamental  sound ;  the  others  are  the  harmonics ; 
and  it  is  found  that,  to  obtain  them,  it  is  suHicient  to  progressively 
force  in  the  current  of  air.  And  when  tubes  of  different  lengths 
are  caused  to  sound,  the  longest  produce  the  gravest  fundamental 
sounds,  in  such  a  manner  that  the  numbers  of  vibrations  vary  pre- 
cisely inversely  as  the  lengths.  For  example,  wliilst  tlie  smallest  of 
the  four  tubes  represented  in  Fig.  124  gives  12  vibrations,  the  other 
three  give  in  the  same  time  6,  4,  and  3 ;  or  2,  3,  4  times  less ;  the 
lengths  being,  on  the  contrary,  2, 3,  4  times  greater.  As  I  said  before, 
this  law  is  applicable  to  open  as  well  as  closed  tubes.     But,  for  the 


flftme  length,  the  fundamental  sound  of  a  closed  tube  is  different 
from  the  sound  given  by  an  open  one.  The  vibrations  are  half 
the  uuml)er ;  or,  in  other  words,  the  fundamental  sound  of  a  closed 
tube  is  the  same  as  that  of  an  open  tube  double  the  length. 

It  only  remains  for  us  now  to  speak  of  the  succession  of  the  har- 
monic sounds  in  both  of  them.  Arranging  these  sounds  in  order, 
from  the  gravest  to  the  most  acute,  starting  from  the  fundamental 
note,  we  find  that  in  open  tubes  the  numbers  of  vibrations  increase 
according  to  the  series  of  whole  numbers,  1,  2,  :1, 4,  5,  6,  &c.  In  closed 
tubes,  these  numbers  increase  according  to  tlie  series  of  the  odd 
numbers,  1,  3,  r>,  7,  Ac.      From  this  it  results  that  if  we  take  three 
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tubes,  the  open  one  of  double  the  length  of  the  two  others,  and  if,  of 
these,  one  is  open  and  the  other  closed,  the  successive  sounds  of  the 
liret  will  be  represented  by  the  series  of  natural  numbei-s — 

Long  open  tube    ..1      2      3      -1      5      fi      7      H    .  .  . 
and  the  sounds  of  the  others  by 

Short  open  tube       ...2...4...6...     H... 
„     closed  tube      .     1     ...    3    ...     5    ...    7    ... 
that  is  to  say,  the  sounds  of  the  large  tube  will  be  reproduced  alter- 
nately by  the  two  tubes  of  half  the  length. 


We   will   conclude   the   study  of  the   )itieiiomeii.i   presented  by 
tnlies  by  .slatiny  that  the  columns  of  air  which  vibrate  in 
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the  interior  of  them  are  divided,  like  vibrating  strings,  into  fixed  por- 
tions or  nodes,  and  vibrating  parts  or  ventral  segments.  The  existence 
of  these  various  divisions  is  proved  in  many  ways.  The  most  simple 
consists  in  lowering  into  the  tube  by  a  string  a  membrane  stretched 
over  a  ring,  and  then  to  watch  the  grains  of  sand  with  which  it  is 
sprinkled.  These  grains  will  be  agitated  under  the  action  of  the 
vibration,  when  the  membrane  reaches  a  ventral  segment  in  any 
portion  of  the  vibrating  column  of  air.  On  the  other  hand,  they 
remain  at  rest  when  the  position  of  the  membrane  coincides  with 
that  of  a  node. 

However,  theory  has  completely  solved  all  the  problems  which 
relate  to  this  order  of  phenomena  :  and  the  experiments  of  physicists, 
always  a  little  less  exact  than  mathematical  analysis  would  require, 
on  account  of  the  complex  circumstances  under  which  they  are  per- 
formed, are  only  verifications  of  the  laws  found  by  analysis.  We, 
who  wish  especially  to  describe  the  curious  facts  of  each  part  of 
physics,  must  confine  ourselves  to  the  notions  indispensable  to  the 
understanding  of  these  facts  and  their  application  to  industry 
and  the  arts. 

Sonorous  rods  are  cylindrical  rods  of  wood,  metal,  glass,  or  any 
other  elastic  substance,  which  can  be  caused  to  vibrate,  either  by 
rubbing  them  longitudinally  with  a  piece  of  cloth  sprinkled  with 
resin,  or  witli  a  damp  flannel.  They  then  give  out  pure  and  con- 
tinuous sounds,  the  ])itch  of  which  for  one  and  the  same  substance 
depends  on  the  length  of  the  rod.  By  the  aid  of  a  vice  or  with 
the  fingers,  we  grasp  the  rod,  either  at  one  of  its  extremities  or  at 
tlie  middle,  or  at  any  intervening  part  of  its  length :  it  is  then  free 
at  its  two  ends,  or  only  at  one  (Fig.  125).  Now,  if  we  compare  the 
sound  which  a  rod  gives  out  when  fixed  at  one  of  its  extremities,  with 
that  which  the  same  rod  or  a  rod  of  the  same  length  and  substance 
gives  out  when  fixed  at  its  middle  part,  we  find  that  the  first  is 
graver  than  the  second :  the  vibrations  in  the  latter  are  twice  as 
numerous. 

If  rods  of  different  lengths  fixed  in  the  same  way  are  caused  to 
vibrate,  experiment  shows  that  the  sounds  become  sharper  as  the  rods 
are  shortened.  The  numbers  of  vibrations  which  constitute  their 
sounds  vary  in  inverse  proportion  to  their  length.     The  vibrations 
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Sn  k^:f//nut  *A  tte  pfi^^noTiMtka  w^hkh  rsr^nh  fr»>ai  ^^ifK^im  Tibia- 
fir/fM  lA  \00\yH!K  fA  rmrie^  torxM  vonPl  \>^  ^mdlei^  We  will  confiDe 
'/frr^lr^  t//  tfj/;  c^>nAi/b;r%ti//n  of  tfa/:^)^  vbich  are  ynAwied  in  plates 
ftCkl  tf»^titff^u*rA.  If  we  cnt  vjnare,  cinraUr,  or  polrgooal  plates 
'/fit  '/f  thin  vrv^l  or  horn^i^en^ia)  Uktial,  an-i  fix  tbem  solidlj  to  a 
%nyyffft  at  tfnir  cen^.r-:  of  fi:j»if»;    we  ob-iin  very  different  sr>iuid4 


from  llMrin  if  we  rlraw  a  lx>w  acrofis  their  edge  and  place  one  or  two 
fiii^em  at  cjiriHiu  jKiiiitM  of  their  contours  (Fig.  126).  Chladni  and 
Harart,  whtma  names  are  so  ofU^ii  U}  l>e  found  in  modem  researches, 
and  wlio  m;ule  Hfumd  their  s|K;cial  study,  ma^le  numerous  experiments 
on  the  vibration  of  plates  of  different  forms,  thicknesses,  and  surfaces. 
Tlie  [ihenonienon  U)  which  they  jiarticularly  drew  attention  was  the 
diviHion  of  the  phiU;H  into  vibrating  and  fixed  parts.  These  latter, 
li<;in^  nothing  else  but  a  continuous  series  of  nodes,  were  therefore 
t'.fi\Uul  n<Hlal  lines. 

To  understiind  and  study  the  positions  and  fonns  of  these  lines, 
these  two  learned  physicists  sprinkled  the  surface  of  the  plate  with 
dry  and  fine  sand.  As  soon  as  the  plate  entered  into  vibration,  the 
|mrtie|l•^  (»f  Hand  }M*;,'an  to  niov(i.  They  deserted  the  vibrating  parts 
II nd  arrangetl  thenisclvf'M  along  the  nodal  lines,  thus  producing  certain 
fi^Miri'H  or  nutlineH.  Th«-.se  lines  are  often  so  numerous  and  conipli- 
ruled.  they  vary  mm  much  for  the  same  plate  with  the  different  sounds 
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which  this  pkte  gives  out,  that  Savart  was  obliged  to  uae  a  particular 
method  to  obtain  them.  Instead  of  sand,  he  employed  litmus  powder, 
and  by  meana  of  a  damp  paper  laid  on  the  plate  he  obtained  the 
impression  of  each  figure.  We  reproduce  here,  in  Figs.  127  and  128, 
a  aeries  of  nodal  lines  obtained  by  Savart  and  (Jhladni,  and  we  may 
remark  that  the  figures  which  contain  the  most  numerous  lines 
correspond  to  tlie  most  acute  sounds ;  in  other  words,  that  in 
proportion  as  the  sound  gets  higlier,  the  extent  of  the  vibrating  parts 
diminishes. 

In  square  plates,  the  nodal  lines  take  two  principal  directions, 
some  parallel  to  the  diagonals,  the  others  parallel  to  the  sides  of  the 


plate  (tig.  \'21).  In  circular  plates  (Fig,  12S)  the  nodal  lines  place 
tliemselvcs  either  in  rays  or  concentric  circles.  Rells  of  glass  or 
metal,  and  vibrating  nienibrancs,  ai-e  also  divided  into  vibrating  parts 
and  nodal  lines,  as  is  seen  in  the  experiment  of  a  glass  tilled  with 
water,  represented  by  Fig.  108.  Fig.  12!)  shows  two  modes  of  vibra- 
tions of  a  bell,  and  tlie  way  in  which  it  divides  itself  into  four  or 
six  vibrating  parts,  separated  by  as  many  nudes.  The  first  division  is 
obtained  by  touching  the  bell  in  two  points  distant  -.ilwnt  a  quarter  of 
a  circle :  the  bow  is  tlien  drawn  at  aliout  4.")  degivef*  from  one  of  the 
nodes.    Tiie  resulting  sound  is  the  lowest,  ami  is  the  fundamiuital  note 


176 


PHYSICAL  PH£XOMgJ± 


of  the  bell.  The  other  ilivisiun  U  ohuineri  bv-  pLicinLr  th*^  iwiw  a: 
a  point  distant  about  'JD  tln^^WHS  from  t'l-;  notie  vhii;h  m  l-tnn«eii  by  th«i 
touch.  The  bell  woiihl  be  a;^in  iliviiiwi  int-)  ?*.  I"  VI  vibtatinj  part^. 
It  ia  the  name  with  membmnea  atn^trhnl  oa  frames,  whii^h  are  caii:!e<i 
to  vibrate  by  placing  near  them  another  4i>a<>nu3  b»i5 — Pir  example. 


a  sounding-liell.  The  vibrations  are  communicated  by  the  air  to  the 
meinbmne,  anil  the  sand  with  which  thi,s  is  covered  indicates  the 
jMisition  of  the  niwhil  lines. 

It  i.H  well  known  that  when  two  plates  of  the  .same  snl>st:uK-e  and 
niiiiihir  fiyiire,  but  of  ditlVtrent  thi<-knesses,  give  liie  same  nodal 
lim-K,  tin?  wiiinils  proilui-cil  vary  witJi  the  thickness,  if  the  surface  is 
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the  same ;  that  is  to  say,  that  the  number  of  vibrations  is  proportional 
to  the  thicknesses.  If  the  thickness  remains  constant,  the  number  of 
vibrations  are  in  the  inverse  ratio  of  the  surfaces. 

We   do  not  yet  know   the   law   according  to  which  the  sounds 
produced  by  the  same  plate  succeed  each  other  when  the  figures 


Fio.  128.— Xodal  lines  of  vibrating  cirtmlar  or  iH>lygoual  plates,  acconling  to  Ch^adni  and  Savart. 

formed  by  the  nodal  lines  change.  We  only  know  that  the  lowest 
note  produced  by  a  square  plate  fixed  in  the  centre  is  obtained  when 
the  nodal  lines  are  two  in  number,  parallel  to  the  sides,  and  pass 


Fif}    120.— Nodes  ami  K»'gnieut»  <»l"  a  vibrating  Ih'II. 

through  the  centre  as  shown  in  the  fii^st  plate  (Fig.  127).  Wlien  the 
two  nodal  lines  form  the  diagonals  of  the  square  (as  in  the  first  plate 
of  the  second  line,  Fig.  127),  the  sound  is  the  fiftli  of  the  first  one, 
which  may  be  called  the  fundamental  note. 

N 
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CHAPTER   VI. 

PROPAGATION   OF   SOl'ND   IN    AIR. — SOUND   WAVES. 

Naturf  of  soiiml  waves ;  tlieir  propagation  in  a  tube — The  wave  of  condensatiun 
;iri(l  the  wavfr  of  rarefirtion — Length  of  s«jnorou3  undulations — Pro^ia^tion 
throuL'h  Ml  nnlirnititl  medium;  spherical  wave^  ;  diminution  of  their  amplitude 
with  the  distance  —Dinrction  of  sound  waves— Co-existence  of  undulations — 
Perception  of  simultaneous  sound;^ ;  Weber s  ex|)eriment3. 

T17E  liave  just  seen  how  the  vibrations  of  sonorous  bodies  can  be 
'  ^       rendered  sensible,  and  how  their  number  can  be  counted,  and 
we  have  proved  by  exjKiriment  the  laws  of  their  variations  in  solids 
of  different  forms,  and  in  gaseous,  cylindrical,  or  prismatic  columns. 

liut  when  a  l)ody  sounds,  the  vibrations  which  its  molecules  exe- 
cute, reach  our  ear,  so  as  to  impress  us  with  the  sensation  of  sound 
only  by  a  gradual  disturbance  of  the  mass  of  air  inter\'ening  between 
the  centre  of  disturliance  and  our  organs.  In  the  absence  of  this 
vehicle,  sound  is  no  longer  perceived,  or  at  lea^t  only  in  a  very 
wi^akened  form,  after  having  l>een  propagated  through  more  or 
less  elastic  solid  bodies,  which  establish  an  indirect  communication 
between  the  sonorous  bodv  and  the  ear.  Thus  the  air  itself  enters 
into  vibration  under  the  impulse  of  the  movements  of  the  particles 
of  the  sonorous  bodies,  and  it  undergoes  successive  condensations 
and  dilatations,  which  are  propagated  with  a  const^mt  velocity,  when 
IIhj  density  and  temperature  remain  the  same,  and  when  the  homo- 
geneity of  the  gjiseons  mixture  is  i)erfect.  We  will  now  explain  by 
what  means  sonorous  waves  succeed  each  other  in  the  air  or  any  other 
ga-*,  and  how  tln-ir  linj^^li  can  b(»  measured. 

Lt't  us  snppn.-r  tlijit  on  •  ]>rong  of  a  tuning-fork  is  ])laoed  in  front 
of  a  tube  and  is  caused  to  vibrate.  The  vibrations  are  proi)a- 
i^ated   jd<»ng  the  eolunin  of  air  in   tlie  tiiljr.     We  will  observe  what 
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takes  place  in  the  column  of  air  when  the  prong  executes  a  whole 
vibration ;  that  is  to  say,  leaves  its  position  a  to  go  to  a',  and 
afterwards  to  return  to  a",  passing  each  time  by  its  mean  position 
a  (Fig.  130).  This  alternating  movement  is  similar  to  that  of  the 
pendulum,  so  that  the  velocity  of  the  prong  is  alternately  increasing 
and  decreasing  according  as  it  gets  nearer  to  or  more  dista.nt  from 
the  position  «.  During  the  movement  from  a  to  a\  the  air  in  the 
tube,  receiving  the  impulse  from  the  prong,  will  undergo  successive 
and  une([ual  condensations,  which  will  be  transmitted  from  one  to 
the  other,  and  these  waves  will  be  carried  along  the  column  of  air 


att  if 


Fio.   130. — Propagation  of  the  Bonorous  vibrations  in  a  cylindrical  and  unlimited 

ganeous  coluniu. 


Fio.  131.     Cun'c  n'presenting  a  soun<l  wave. 


like  the  waves  along  the  surface  of  water.  On  this  point  we  shall 
have  more  to  say  presently.  These  condensations  at  first  increasing 
will  attain  a  maximum  ;  they  will  then  diminish  until  the  vibmting 
prong  has  reached  the  position  a\  At  its  return  from  a  to  a  the 
same  gaseous  layers,  returned  to  their  normal  density,  will  on  the 
other  hand  dilate  by  virtue  of  their  elasticity  to  fill  the  space  left 
in  the  column  of  air  by  the  second  movement  of  the  fork. 

To  each  complete  vibration  of  the  prong,  a  series  of  condensations 
therefore  corresponds  :  a  condensed  half-wave  ;  then  a  series  of  dilata- 
tions ;  a  dilated  half-wave.  Their  whole  forms  a  complete  sonorous 
wave,  which  passes  along  the  tube. 

To  represent  to  the  eye  the  condition  of  the  column  of  air  in  the 
whole  length  of  a  sonorous  wave,  it  has  been  found  convenient  to 
represent  the  dilferent  degrees  of   condensation  by  perpendiculars 

X>         Ait 
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th^^n  r';j#T^-u:Tit.s  r.ii*;  -tur*^  of  the  H^iiin^^-^iv-;  -irnCA    .t  "lai*  Tnhe  iz  "^ 

vi^mtioTi ;  A\^  U  the  pfltr.h  trav-^r^nti  Mrlo;^  '^tiLs  :4.rui»: — duic  jh  Zm^  ^aj. 

Th';  ^/su-A  rrv/^^rneil   ',/  *r»;ii  ■w;iv-t  t.!!  h^  'itjiiiit^  •hoi**-  •**!.  afser 
th'5  2,  '5,  .      ,  .   f;  ?'><*>  v^'r^r^i-^r..^ 

It  in  now  ('M<j  ro  r,ry.lr:f\rjtnd  r.ov  :r.e  v^'-^Afrzqtk  .i  i  '»*"j«i:ifi  -it  a 

jjisr  a^  r/»^fiy  ho/:/;/;^^,'/';  V/t*;;/!  XAVi>-j  ;v.^  thf:re  ar>i  complete  viumcions 
ff'/f/i  fh*j  ^:"ntf'j  of  'rrrii.'.^.iori  ;  f.h;it  w,  4'»,  Each  of  theiQ  has  then  a 
Kiii^fh  of  fJi/;  f//fjr  hnr*^Ir<rd  an^l  fiftieth  part  of  th*5  ipac^:  travers«i«J, 
•  l<4t  if«,  /ff  /'/lO  !/»/;♦  r';H  ;  h^;n^;';  th^  lf:ncth  of  wavft  in  this  caa*:  is  7-55 
r/ffilir/i';in;H.  /f  w**  j,?m?j  now  from  the  ca^e  in  which  the  s^iond  is 
Iftnini^siU'A  til  a  colunin  of  air  t^i  that  in  which  the  propagation  is 
tiiiuUi  in  iiW  fVin-fXiouii  cuinunUw^  from  a  jKiirit,  the  successive  condeu- 
MMtioiH  filial  Hihitation^  of  the  fttraUi  of  air  will  Ix;  distributed  at  ec^ual 
iViHiuiu'J'M  in  fin  Uii;  f'j'Uirfi  of  *'maiiatioii.  The  waves  will  be  spherical, 
without  eitip  r  i\i('ir  velo^Jty  of  propa^^ation  or  their  length  clianging. 
Only  lh<f  nrnplitiKl*:  will  diminish,  and  conse*iuently  the  intensity  of 
n*tuw\,  an  V,*'.  \\iiv(i  filnady  noticed.  Fig.  1'52  gives  an  idea  of  the 
niiMMMT  in  whirli  MdnorouM  waves  are  distributed  round  a  centre  of 
i'nii»<Mion.  Wr  tM'o  the  Hriiiss  of  condensed  and  dilated  half-waves, 
iind  tin*  iitidiilating  lin^H  Htarting  from  tlie  centre  .show  how  the  con- 
dnn«iitinn«  find  dilatations  lose  their  amplitude  in  proportion  as  the 
di^tniMP  iiMTiMmrM. 

'I'll  iirrnniil  Inr  tin;  lact  lliat.  waves  are  ]»ropagat(Ml  without tlie parti- 
<  h"i  n|  iiir  MiMvin;;  willi  tlirni, sound  waves  may  g(;nerally  be  compared 
In  thn  mnvmirnt  of  ji  lord  wliiiji  is  .sliarj)ly  jerked  by  tlie  liand.  The 
nnduliilionM  Iravii-ie  ihr  eonl  IVom  one  end  to  tin*  other;  ;ind  if  it  is 
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fastened  by  one  of  its  extremities,  the  wave  returns  on  itself.  In 
either  case,  the  movement  is  transmitted  without  any  real  change  in 
the  distance  of  the  molecules  from  the  point  whence  the  impulse  is 
derived.  The  same  effect  is  observed  vvlien  we  throw  a  stone  into 
water;  the  disturbance  produced  in  the  liquid  mass  is  prop^ated  in  a 
series  of  concentric  waves  whicli  disappear  as  the  distance  increases, 
but  the  molecule.'!  of  water  are  not  transported,  as  it  is  easy  to  prove 


to  oneself  by  observing  the  fixed  position  of  light  substances  floating 
on  the  surface.  But  in  these  examples,  which  are  otiierwise  useful  in 
giving  us  some  idea  of  the  mode  of  propaj^ation  of  sound  waves, 
there  is  an  essential  difference  which  must  not  he  forgotten.  Tlie 
condensations  and  dilatations  of  the  air,  caused  by  the  vibrations  of 
sonorous  bodies,  are  effected  in  the  sanje  direction  as  the  movement 
of  propagation :  they  take  plac^  parallel   to   the   direction  of  each 
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v^T.or-^x;^  wi'.^^  -»;.;!';:  :Le  uniiili:::-*  of  :Le  v.ri,  or  :Li:  of  ;hr: 
T-^rface  ',-f  tL-^r  ^^'.^r.  ar-:  efi*:»:i'.-»i  :n  a  'iiRri.-ti'.'a  p«?n-e::i::-ulir  :o  the 
riiov'.-'r;^;*:  '^/f  proj*uri::  .li.  We  5;-:iII  =*^  5«>:-r.  tLa:  S'l'Si-rtLiiii:  like 
thl*  Uikr*  {li/;-^  •*'::*:!  :*--  wavrrs  which  :r4AT-r?«  tLe  ::.r^:::im  dllri^l  the 
erh^rr,  vi;;';:!  h^ive  :Le:r  ori^pn  in  ^^ibratii.RS  frosa  !::n::i. ons  s*:^Tirc>es. 

Ail  thU  fi^r:-.:]y  acci^unts  f..»r  :Le  transmission  •:•!  a  swingle  soqihI 
w};i<:h  tli*:  air  c^rrirs,  «o  to  >jj*Ak,  to  our  ear.  But  if  the  air  is  thus 
th»f  v^rhicie  of  -yvrioroui?  vibrations.  l:ow  d«:-es  it  liapi:»=-n  thi:  it  f»Tx>- 
I'St^hUr-,  without  alteration,  tlie  vibrations  of  many  simii!tane>us 
aoiiwh  f  We  are  at  a  coniert :  numeD>us  in-ytrumeiits  ar^?  simulta- 
nf-^fUtly  emitting  soun^is  which  diffrr  in  intensity.  p::ch,  an-1  iiuality. 
'Hie  centres  of  emission  are  distributtrJ  over  the  rciom ;  how  is  it 
that  the  mass  of  air  inclorseil  bv  the  walls  is  able  at  the  same 
time  to  transmit  so  many  vibrations  without  the  pioduction  of 
complete  chaos  of  sound  ? 

Or  again,  it  is  morning.  A  fine  thick  rain  falls,  and  the  drops  on 
fttrikin''  the  jrround  pr^-Kluce  a  multitude  of  little  noises  which  arrive 
in  a  distinct  frinn  to  our  ear;  the  songs  of  birds,  which  the  coming 
of  spring  awakens  everywhere,  rise  in  the  air,  and  seem  to  pierce 
the  li'dit  mist  which  the  rain  sheds  on  the  horizon.  Above  this 
warbling,  cock- crowing,  barking  of  dogs,  joltings  of  a  heavy  cart  on 
the  i>aved  rfiarl,  the  sound  of  bells,  here  and  there  human  voices,  all  of 
which  sing,  cry,  s|#eak,  sounding  alt^igether  without  the  ear  finding 
any  confusion.  These  multiple  sounds,  tlie  simultaneity  of  which  and 
their  resonances  wouM  be  discordant  if  they  were  all  prHlucetl  in  a 
narn>w  space,  are  drowned  in  tlie  vast  extent  of  the  stratum  of  air 
wliicli  covers  the  plain,  thus  mixing  into  sweet  hannony.  Here,  the 
same  question  presents  itself:  IIow  can  the  air  transmit  distinct!}' 
an<l  at  tlie  same  time  so  many  undulations  emanating  from  ditfeivnt 
centre?*,  so  manv  vibiations  which  are  not  isochronous?  How  can 
tlie  iiit<'nsity,  jiitdi,  and  quality  of  each  sound  co-exist,  in  this  elastic 
and  movt-able  medium,  without  alteration  ? 

This  is  a  i»roblem  the  data  of  w^hich  apjK-ar  so  complex,  that  it  is 
IwYond  analysis.  X<'vertlieless,  theory  accounts  fur  these  i»henomona, 
the  explanation  of  whirh  a]>pears  so  »litlicult  at  first  siijiht.  and  siniph- 
exp«*rinn'iit- Justify  the  theoretical  (/onrlusions.  Two  learned  gt-onietcrs 
of  the  last  r«'ntury,  Daniel  rM-rnouilli  and  Euler,  demonstrated  the 
juini'iple  of  th*-  co-existence  of  small  moyeiiients  and  oscillations  in  the 
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same  medium.  The  following  is  tlieir  theory.  If  we  throw  into  water 
two  or  more  stones  near  to  each  otlier,  we  perceive  concentric  circles 
produced  by  each  of  them,  which  cross  without  destroying  one  sinother, 
especially  if  their  amplitude  is  not  too  great.  Fig.  I;!;!,  which  we 
borrow  from  the  work  of  a.  learned  physicist,  M.  Weber,  shows  how 
waves  cross  each  otlier  on  the  surface  of  a  liquid,  and  how  they  are 
reflected  from  the  sides  of  the  containing  vessel.     The  form  of  the 


latter  is  elliptical,  it  is  tilled  with  mercury,  and  the  waves  which  arc 
seen  on  its  surface  are  those  produced  by  the  fall  of  a  dr«ip  of  the 
liquid  in  one  of  the  foci  of  the  ellipse.  Concentric  circular  waves 
are  produced  at  this  focus,  then  reflected  waves  which  idl  tend  to 
collect  at  the  second  focus  of  the  curve.  The  same  results  ore  evi- 
dently pi-odiiced  an  if  a  tlrop  had  fallen  at  the  same  time  at 
each  focus. 


<t  /'///•'/: ^,:  yHijr.jiijjL.  «.« 
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CHAPTER    Vll. 

MTSICAL   5i«nNns.      THK    t'.AMrT.    (»K    MISICAL   srAI.K. 

Distinction  between  iu>ises  jind  imi>ical  sounds-  iVtinitiun  of  the  ^unut  ;  intervals 
which  coniix>se  it  — Tlio  scale  of  the  musical  jjanuit  is  unlimitoil  ;  cNmvention 
which  limits  it  in  pniclice-  Name:^  and  vahu's  t»f  the  inten*als  of  the  natund 
major  scale — Mo*iulatit»ns  ;  constitution  of  the  maj»»r  pnnuts  pnu'eetiinjj  hy 
shaq>s  and  flats-  Minor  si*ale. 

rriHK  human  ear,  as  we  have  remarkeil  in  the  preceding  chapter,  is 
-*-  limited  as  regards  its  perception  of  sound.  It  has  lKH?n  proved 
by  experiment  that  ^^2  simple  ^ib^ations  per  second  is  the  limit  of 
grave  sounds,  while  that  of  acute  sound  is  73,000  vibrations.  IVtween 
these  extreme  limits  the  scale  of  sounds  is  evidently  continuous,  so 
that  there  is  an  infinity  of  sounds  having  a  different  pitch  appre- 
ciable to  the  ear,  and  passing  fnun  the  grave  to  the  acute,  or  from 
the  acute  to  the  grave,  by  imperce|>tible  degrees. 

All  the  sounds  comprised  in  this  scale,  and  susceptible  conse- 
([uently  of  being  compared  among  themselves  as  ivgards  pitch,  are 
what  are  called  Jiiusica!  sainuh;  bv  combining  them  bv  means  of 
succession  or  simultaneity,  accoixling  to  determined  rules  of  time, 
pitch,  intensity,  or  ([uality,  the  musician  is  able  to  produce  the  eftects 
which  constitute  a  musical  composition. 

Are  all  the  sounds  and  noises  perceptible  to  the  ear,  musical 
sounds  ?  Undoubtedly  not,  if  we  mean  by  nnisical  sound  that  which 
a  composer  or  artist  thinks  right  to  introduce  into  his  work  to  add  to 
the  desired  etfect.  Not  only  must  these  sounds  be  closely  connected 
by  bonds  which  are  determined  by  tlu»  pitch,  but  they  must  also 
unite  certain  ]>articular  qualities  the  examination  of  which  behmgs 
to  the  domain  of  art  rather  than  of  science.  The  (juestion  becomes 
altered  if  the  term  musical  sound  is  applied  exclusively  to  those 
whose  pitch  is  appreciable,  and  which  the  ear  can  compare  to  other 


y  ♦jVv.:*:.*  'A*  vr.fv 


r^.w^rj   V.-..*.   r-.  ;*.;i.-  i.'v.v;.'  'r'-T^  ".Li*  :l-r    ^•'Lz-.:.:!.    :  "sL:.!  "JTr 


» v.r*»  ,;,Vr'-»iI>.  Or-  *:A  otLrf  Lani.  wrr  •,-43  s^rj^iritr  :ir  r;->iit?*  iV-rTije*! 
^A  >//■*/*/>,  ;;.,z*^j  V^'^rth^r,  ar;  i  fsin  d:si;iiz*iii':i  v-.i^e  of  :hr  elmirn^iry 
>//»>;* '5*.  '.f  xh.',,';  •i'i'sv:  liO'L^-  ar»:  comiy>s=:»i    TLe  sijn-ibilirv  cf  the  car, 

I  J"*  ii<  /J '  #  A  r;  f  < ' ;  f'ji  •.  o  li  r  t  o  f orii  J  -?/./  r;.  (r  i  •  i^a  of  t  lie  si:  O'.r  ssion  an  - 1  oon- 
/iMtiof,  /,f  >ou:A*  '^'t,\':\i  cori-titut*r  rjiu.*:«:al  .scales  known  under  tlit? 
fj;ifo/7  of  ;';if/«*i*-,  a;;'J  'Ahi^h  foni;  the  physical  l.»u-sis  of  mod^rm  music. 

'I }.';  fj;ir/i':  of  '  jhUinX  "it  driven  to  a  5eri»'S  of  7?eveu  rounds  which 
•M**'A:t'A  t'.Hf:h  o*her,  \tTfjf'j'j'A'iu*;L  fr^^fii  the  ;n^ve  to  the  acute  t.»r  from  the 
iU'MUt  to  th'r  irrav<',  and  which  are  coifJi»rise«l  l^etween  two  extreme 
UhU'.^  having'  tli*;  followiij;^  character,  viz.  that  the  hi^^dieat  sound  is 
ytttt\nt'Mt\  hy  doiiMe  the  niimlH^r  of  vibrations  of  the  lowest  The 
rno-t  ut.\\\t'  not*'  h*'in;^  tli*-  'i^rhtl;  of  the  scries,  the  two  extreme  notes 
aic  the  ftr\:\\i- .  r>f  i-ach  otlicr :  one  being  the  luwer  nctiivi',  tlir  other 
th'-  hi'di'i  on*-.  \{  \v<-  now  .,t;irt  from  the  ci;^ditli  note,  c«»ii^idereil  as 
iIm'  Htarlin;i[  point  of  '.\  M-rics  similar  to  tlie  first,  and  it  wt*  tak»*  car*' 
to  'ompo.-e  thii  new  >jeries  of  notes  liavin;:  Ix'tween  them  the  >ame 
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degrees  of  pitch  as  the  first,  it  will  be  noticed  that  the  impression  loft 
on  the  ear  by  their  succession  has  the  greatest  analogy  with  that 
which  results  from  hearing  the  notes  of  the  first  scale.  A  melody 
formed  of  a  succession  of  notes  taken  from  the  first  series,  preserves 
the  same  character  if  it  is  sung  or  played  with  the  help  of  notes  of 
the  same  order  taken  in  the  second  series.  It  would  be  the  same 
if  we  formed  in  a  similar  manner  one  or  more  gamuts  higher  or 
lower  than  those  of  which  we  have  just  spoken. 

A  musical  scale  of  this  kind,  formed  of  consecutive  gamuts,  is 
unlimited,  or  at  least  has  no  other  limits  than  those  of  our  power 
of  perceiving  sounds. 

Before  giving  the  intervals  which  separate  the  successive  notes  of 
the  gamut,  or  in  other  words  the  ratio  of  tlie  number  of  vibra- 
tions which  corresi)ond  to  each  of  them,  we  may  remark  that  the  note 
from  w^hich  we  start  to  form  a  gamut,  or  to  study  music,  is  arbitrary, 
as  there  are  an  infinite  number  of  similar  musical  scales  placed  by 
nature  at  the  disposal  of  musicians.  But,  for  the  practice  of  nnisic, 
the  want  has  been  felt  of  taking  conventionally  a  fixed  point  of 
departure.  Hence  in  modern  music  we  find  certain  definit<5  notes 
(the  vibrations  of  which  are  determined  bv  the  vibrations  necessarv 
to  produce  one  of  them)  called  by  certain  definite  names :  the  names 
being  the  letters  of  the  alphal)et,  A,  B,  C,  D,  E,  F,  G,  repeated  for 
each  octave.  So  long  as  it  is  merely  a  question  of  singing  or  of 
music  executed  by  the  human  voice,  a  crinvention  of  this  kind  is  not 
necessary,  as  the  voice  is  an  organ  sufficiently  flexible  to  emit  at  \\'\\\ 
notes  of  any  degree  of  acuteness  or  gravity  within  its  natural  limits. 
Hence  for  such  purposes  we  may  consider  the  gamut  as  a  thin^ 
independent  of  any  ^mrticular  pitch,  and  it  is  convenient  to  call  the 
notes  of  such  a  gamut  by  some  other  names.  Those  used  are  derived 
from  the  first  svllable  of  each  line  of  a    L\tin   hvmn  written   bv 

Paulus  Diaconus : — 

Ut  qutim  laxis 
i^^'sonare  fibris 
3/ira  pestorum 
i^rtmuU  tuonim 
SoWi  polluti 
Labii  reatum 
iSlfiiicte  Johannes. 

The  Italians  substituted  Do  for  Ut  for  the  first  note  of  the  gamut,  in 
the  seventeenth  century. 
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Our  arbitrary  namos  for  the  seven  notes  of  this  gamut,  which  may 
be  independent  of  pitcli,  in  passing  from  the  gravest  to  the  highest 
note,  are  as  follows : — 

iHt  note.        2.1.  .Ill  4tli.  rAh.  fitli.  Ttli. 

Do,        Re,       Mi,       Fa,        Sol,        Lji,         Si. 

After  what  we  have  said  of  the  manner  in  which  the  preceding 

gamut  is  formed,  and  of  tlie  analogy,  if  not  the  identity,  which  exists 

between  the  notes  in  different  octaves,  we  can  understand  whv  tlie 

same  names  hav(»  been  given  to  the  notes  of  the  successive  gamuts. 

Musicians   distinguish   thorn   by  placing   numerical   signs   after  the 

names  of  the  notes,  to  mark  the  order  of  succession  of  the  gamut. 

The  two  scales  we  now  give — one  lower,  the  other  higher  than  the 

former  one — may  for  our  purposes  be  ^vritten  thus: — 

Gamut  above    Do  Re  Mi  Fa  Sol  La  Si 

—1  —I  —1  —1  -1  —1  - 1 

Gamut  below    Do  Re  Mi  Fa  Sol  La  Si 

o  o  o  O  o  o  O 

«■  4S  m  mi  ««  m  ^ 

It  also  results  from  the  constitution  of  the  successive  scales  that  the 
notes  of  the  same  name  are  an  octave  from  each  other,  like  the  extreme 
notes  of  each  scale.  Thus,  Do_,,  Re_i,  Mi_i,  are  the  acute  octaves  of 
Dog,  Re^,  Mig.  Before  proceeding  further,  let  us  recall  the  laws  of  the 
vibrations  of  strings  and  tul)es,  and  we  shall  understand  that  if  we 
stretch  a  series  of  seven  strings,  so  as  to  make  them  give  out  the  seven 
notes  of  the  scale,  we  shall  obtain  the  seven  notes  of  the  acute  scale, 
the  octave  of  the  first,  by  dividing  the  strings  into  two  equal  parts.  If 
instead  of  strings  we  had  taken  seven  open  or  closed  tubes,  giving  the 
scales  by  their  fundamental  notes,  we  must  take  seven  tubes  of  half 
the  length  to  obtain  the  more  acute  scale,  and  seven  tubes  of  double 
the  length  to  obtain  the  notes  of  the  lower  scale.  If  we  compare  each 
of  the  sciven  notes  of  a  scale  to  the  lowest  note — to  that  which 
frirnis  what  is  called  the  tonic,  or  key-note,  in  reference  to  their  pitch 

there  are  many  different  intervals,  of  which  the  .names  are  as  follows: 

From  Do  to  Do UnUon, 

Re  to  Do Second. 

Mi  to  Do Third. 

Fa  to  Do Fourth. 

Sol  to  Do Fifth. 

Ija  to  Do Sixth. 

Si  to  Do Sevtnth. 

Alul  lastly.       Do    to     I)o OHnn. 

I 

The  musical  intiMTul  is  defined  in  physics  Jis  the  relationship  of 
tht*  niimlKirs  of  vibrations  of  the  notes  of  which  it  is  formed.     Unison 
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Do    - 

Do 

Re 

Mi 

Fa 

Sol 

La 

Si       - 

Do 

and  the  octave  are  the  only  ones  of  which  we  have  given  tlie  value  : 
1  or  I  measures  the  interval  of  unison ;  2  or  ?-  measures  the  octave. 
It  only  remains  for  us  to  speak  now  of  the  numbers  which  measure 
the  other  intervals.  The  following  are  the  numbers  as  they  are 
now  adopted  by  the  majority  of  physicists : — 

Unison  =  1 

Second  =  J 

Third  =  J 

Fourth  =  ^ 

Fiftli  =  \ 

Sixth  =  5 

Seventh  =  ^ 

Octave  =a  2 

As  these  only  express  the  relationship,  they  can  be  written  in  the 
form  of  whole  numbers,  and  the  seven  notes  of  the  scide  will  then  be 
found  to  be  represented  in  one  or  the  other  of  the  following  ways : — 

Do  Re  Mi         Fa         Sol  La  Si  Do 

^  M  4  .'J  *J  J  8  '^ 

24  27  :50  32  30    ■        40  45  48 

In  other  words,  if  tlie  tonic  or  key-note,  Do,  be  produced  by  24 
vibrations  in  a  given  time,  the  following  notes  will  be  produced  by  27, 
30,  ...  .  48,  &c. 

It  is  easy  to  calculate  by  the  aid  of  this  table  the  consecutive 
interval  of  the  notes  of  the  scale. 

Do  K.-  Mi   Fa  Sol  La  Si  Do      . 

8  «.»  1  ^  8  II  8  15 

It  will  be  seen  that  these  intervals  are  not  equal.  The  greatest, 
although  unequal,  are  called  major  seconds  or  tones,  and  the  smallest 
minor  seconds  or  semi-tones.  Although  the  major  seconds  are  not 
equal,  it  is  agreed  to  place  them  under  the  same  denomination,,  and 
the  scale  is  composed  of  the  following  successive  intervals : — 

A  major  second  =  tone. 
A  major  second  =  tone. 
A  minor  second  =  acmitom:. 
A  major  second  =  tone. 
A  major  second  =  tone. 
X  major  second  =  tone. 
A  minor  sefon(I  =  stniHonf. 
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A  scale  thus  formed  is  called  a  major  scale,  to  distiDgiiish  it  from 
the  scale  formed  of  intervals  succeeding  each  other  in  another  order, 
which  is  called  a  minor  scale. 

The  musical  scale  thus  formed  is  not  sufficient  for  the  composer 
in  the  case  of  melodies,  for  if  confined  to  such  narrow  limits  they 
would  have  a  monotonous  character  incompatible  with  the  variety  of 
impression  he  might  wish  to  produce.  To  increase  his  resources,  he 
passes,  in  the  same  piece,  from  one  scale  to  another;  and  it  is  to 
these  transitions,  the  rules  of  which  form  so  large  a  part  of  the  art  of 
music,  that  the  name  of  modulations  has  been  given.  The  new  scales 
into  which  modulation  takes  place  differ  only  from  the  tonic  scale  in 
the  position  of  the  new  key-note ;  the  order  of  succession  and  the 
relationship  of  pitch  of  the  new  scale  remain  the  same.  Let  us  write 
the  succession  of  two  consecutive  gamuts,  from  one  octave  to  another : — 
Do      Re      Mi  Fa      Sol       La      Si  Do       Re      Mi  Fa      Sol      La       Si  Do 

We  can  readily  comprehend  that  by  a  simple  substitution  of  the 
two  intervals  which  separate  the  Mi  from  the  Sol, — that  is  to  say,  by 
causing  Mi  to  be  followed  by  a  major  second  so  as  to  precede  the  Sol 
by  a  minor  second,  a  fresh  scale  will  be  produced  presenting  the 
sam(^  series  of  intervals  as  the  first,  but  commencing  by  the  note  Sol 
instead  of  by  Do :  as  follows : — 

Scale  of  Do  Major. 
Do      Re       Mi  Fa      Sol       La      Si  Do      Re      Mi  Fa      Sol      La       Si  Do 

Scale  of  Sol  Major. 
Do  Re    Mi  Fa     Sol      Li  Si  Do 

This  may  be  written  in  ordinary  musical  fashion : 

C        D         E  F       G         ABC  D       E  F  (J      A        B  C 

G         A       BC         D       E  5FG 

Hence  by  adding  the  sign  i  to  Fa  in  tlie  first  scale,  which  means  that 

we  lengthen  the  interval  below  it  and  reduce  the  inter^'al  to  the  next 

note  to  a  higher  semitone,  we  have  th(5  two  former  octaves  written 

in  the 

Scale  of  »SJo/  Major. 
Do      Re       Mi     FajSol      La       Si  Do      Re       Mi      FajSnl     La       Si  Do 

IndotMl  it  is  seen  tliat  tlie  two  first  intervals  of  this  new  srale  are  two 
major  seconds,  Sol-La,  La-Si,  and  tliat  they  are  followed  by  a  minor 
second,  Si-I  )o  ;  then  follow  three  major  seconds,  L)(?-Ke,  IiC-Mi,  and  Mi- 
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FaJj,  so  that  at  last  the  scale  is  terminated  by  a  minor  second,  Fa|-Sol. 
The  new  note  must  receive  an  entirely  new  name ;  it  is  distinguished 
from  the  Fa  which  it  replaces  by  the  name  of  Fa  sharp:  the  Fa 
natural  is  said  to  have  been  sJiarpen^d.  But  it  is  clear  that  we  need 
not  regard  thcvse  difficulties.  We  have  only  to  consider  the  iiot«  Sol 
as  a  new  Do,  and  proceed  as  before  modulation. 

We  can  not  only  sharpen  notes,  as  we  have  seen,  but  we  can 
flatten  them ;  this  process  is  indicated  by  the  sign  t^. 

The  following  is  the  complete  table  of  the  major  scales  obtained 

by  this  means  : — 

Scale  of  "  Do  "  Natural  Major. 


Scale  of  Sol 

Shari>s. 
1 

FlaU. 

Scale  of  Fa        1 

Re 
La 

2 
3 

Sib       2 
Mib     3 

Mi 

Si 

Fa 

H 

4 
5 
6 
7 

Ub       4 
Reb      5 
Solb      6 
Dob      7 

The  series  of  notes  sharpened  successively  is  as  ibllows : — Fa, 
Do,  Sol,  lie.  La,  ^li,  Si.  The  series  of  the  flattened  notes  is  precisely 
inverse : — Si,  Mi,  La,  Ee,  Sol,  Do,  Fa.  The  important  point  to  re- 
member is  that  these  arrangements  only  alter  the  place  of  the  start- 
point  ;  the  natural  scale,  when  once  the  start-point  is  determined,  is 
invariable.  As  the  complete  exposition  of  the  rules  which  serve  to 
form  these  musical  scales  would  be  beyond  the  range  of  this  work, 
we  will  restrict  ourselves  to  saying  that  musicians  also  use  minor 
scales,  presenting  the  peculiarity  that  the  order  of  the  ascending 
intervals  differs  from  that  of  the  descending  intervals. 


Minor  Scale. 


La 

Si 

lio 

Re 
Mi 
Fa^ 

s;i| 

La2 


Ascending  intervals. 


major  second, 
minor  second, 
major  second, 
major  secon<l. 
major  second, 
major  second, 
minor  second. 


La 


Soli] 

Mi 

Re 

Do 

Si 

La 


Descending  intervals. 

major  second, 
major  second, 
minor  second, 
major  second, 
major  second, 
minor  second, 
major  second. 
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A  tuuin^-fork  a  a  little  iiLatniment  form^  of  a  double  metallic 
rod,  the  Qnite<l  branches  of  which,  like  a  long  horseahoe,  are  sap- 
ported  \ij  a  cvlindrical  colamn  resting  on  a  stand  (Fi^  i:34).  By 
ioAerting  a  piece  of  wood  larger  than  the  space  between  the  tw» 
extremities  of  the  prongs,  and  rapidly  withdrawing  it,  the  elastic 
prongH  of  steel   are  cansed   to   vibrate,  and   their  oecillaiiona  pro- 


i)ii(«  a  iimsical  tiot«;,  the  pitch  of  which  depends  on  the  furni  and 
ditiieiiHioiiH  of  the  infitriinient ;  physicists  sometimes  produce  vibra- 
tioni  by  drawing  a  bow  across  the  prongs.  The  luning-fork  is  used  to 
ntgulate  the  tone  of  in^ttriiments  or  voices  in  urchestras  and  theatres  ; 
i\w.  nnriiitil  tiinitig-rork  is  tliat  which  produces  a  ccrtjiin  dcliiiite 
niiiii)>ur  of  vibriitioiis  for  tlii;  note  <'. 
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To  render  the  vibrations  of  a  tuning-fork  visible,  M.  Lissajous  fixes 
by  its  convex  surface,  a  small  metallic  mirror  at  the  extremity  of  one 
of  the  prongs,  wliile  the  other  prong  lias  a  counterpoise  to  render 
the  vibratory  movement  regular. 

"  If  we  look  in  this  mirror,"  he  says,  "  at  the  images  reflected  from 
a  light  a  few  yards  distant,  and  then  cause  the  tuning-fork  to  vibrate, 
we  observe  that  the  image  lengthens  itself  in  the  direction  of  the 
length  of  the  prongs.  If  the  tuning-fork  is  then  turned  round  on  its 
axis,  the  appearance  changes,  and  we  see  in  the  mirror  a  bright 
sinuous  line,  by  the  form  of  the  undulations  of  which  the  greater 
or  less  amplitude  of  the  vibratory  movement  is  indicated," 

By  using  a  second  mirror,  which  reflects  the  image  to  a  screen 
after  having  passed  through  a  convergent  lens,  the  phenomenon  can 
be  made  visible  to  a  large  audience.  In  this  case  a  brighter  source 
of  light  must  be  employed — that  of  the  sun  or  the  electric  li^ht, 
for  example — and  the  second  mirror  must  be  turned  round  a  vertical 
axis  to  obtain  the  transformation  of  the  rectilinear  image  into  u 
sinuous  curve. 

Hitherto  we  have  spoken  solely  of  rendering  visible  the  vibrations 
of  a  single  sonorous  body.  M.  Lissajous  has  succeeded  in  distinguish- 
ing the  comparative  pitch  of  two  notes  and  me^asuring  the  relation- 
ship of  the  numbers  of  vibrations  which  coiTespond  to  each  of  them. 
Two  tuning-forks  are  taken,  both  fitted  with  mirrors  (Fig.  135) — but 
whilst  the  axis  of  one  is  vertical,  that  of  the  other  is  horizontal — in 
such  a  way  as  to  have  the  two  mirrors  opposite  to  each  other.  A  ray 
of  light  issuing  from  a  small  orifice  is  thrown  upon  one  of  these  mirrors: 
it  sufifers  reflection,  strikes  the  mirror  of  the  second  tuning-fork,  and 
is  again  sent  back  to  a  fixed  mirror.  A  third  reflection  projects  the 
luminous  ray  on  a  white  screen,  where  a  clear  and  bright  image  of  the 
oi)ening  is  visible  so  long  as  the  two  tuning-forks  remain  at  rest. 

If  we  now  cause  the  vertical  fork  to  vibrate,  we  immediately 
perceive  that,  instead  of  a  point  of  light,  the  vibratory  movement  pro- 
duces a  luminous  line,  elongated  in  the  vertical  direction.  If,  while 
the  vertical  tuning-fork  is  at  rest,  the  horizontal  one  is  caused  to 
vibrate,  the  image  is  elongated  in  a  horizontal  direction.  Lastly,  if 
both  forks  are  caused  to  vibrate  simultaneously,  the  image  which 
now  results  from  two  movements,  one  at  right  angles  to  the  other, 
will  describe  a  luminous  curve  on  the  screen,  and  the  form  of  this 
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curve  will  depend  on  the  relationsliip  wbich  exists  between  the 
duration  of  the  two  systems  of  xnbratioDS,  the  amplitude  of  the  oscil- 
lations, and  lastly  the  time  which  separates  tlie  beginnings  of  two 
consecutive  vibrations  executed  by  both  forks:  and  it  ia  this  time 
which  is  called  the  difference  of  phase. 

M.  LissaJDUs  has  in  this  manner  determined  the  luminoua  curves 
given  by  forks  tuned  so  as  to  produce  the  intervals  of  the  scale,  as 
it  is  adopted  by  physicists. 


Fio.  I3S.— Optieil  ■tudj 


If  the  two  tuning-forks  are  in  unison,  the  relationship  of  the 
number  of  vibrations  is  1 ;  in  other  words,  the  vibrations  effected  in 
equal  times  are  of  equal  number.  The  difference  of  phase  is  itself 
nothing ;  the  vibrations  begin  at  the  same  time  in  both  tuning-forks : 
there  is  a  luminous  oblique  right  line,  the  diagonal  of  a  rectangle,  the 
sides  of  which  have  a  length  which  varies  with  the  amplitude  of  the 
simultaneous  vibrations.  This  right  line  is  changed  into  an  ellipse  or 
oval,  when  there  is  difference  of  phase.  Fig.  ViG  shows  the  curves 
given  by  difTiTcnces  of  pliase  equal  to  4,  \,  %,  and  \.  They  are  again 
produced,  but  in  an  opposite  direction,  if  the  differences  are  |,  f,  5, 
and  ]. 

When  two  forks  are  an  octave  apart  they  give  a  series  of  curves 
K'presented  in  Fig.  137,  which  indicate  that  one  of  the  forks  executes 
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a  vibrfttion  in  a  liorizontal  direction,  whilst  the  other  makes  two  in  a 
vertical  direction. 


i[ul>[  vibntlaoa  at  t< 


If  the  numbers  of  vibrations  are  in  the  ratio  of  3  :  2,  4  :  3,  5  ;  4, 
:  3,  9  :  8,  and  15  :  8,  the  forks  are  tuned  to  intervals  of  fifth,  fourth, 

■  ■■■■ 


third,  sixth,  major  second,  and  seventh.  In  Fig.  137  the  optical  curves 
obtained  in  the  case  of  the  fourth  and  tirt)i,  with  the  varintinns  of 
form  which  proceed  from  ttie  differences  of  phase,  arc  showiu  By 
studying  these  curves  it  is  possible  to  connt  the  number  of  vibra- 
tions made  by  the  luminous  point  in  a  horizontal  and  a  vertical 
direction;  and  as  tliey  are  all  eU'ected  in  the  same  time,  we  also 
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learn  the  r&lative  numerical  relation  of  the  two  notes.  A\lien  the 
pitch  of  the  forks  agrees,  the  same  curve  continues  on  the  screen 
fluring  the  whole  time  of  their  simultaneous  resonance,  and  it  ends 
hy  being  reduced  to  a  point  If,  on  the  contrary,  the  pitch  is  not 
rjnite  the  same;  if,  for  instance,  the  octave  is  not  quite  perfect,  the 
effect  is  the  same  as  if  there  had  been  a  continual  changing  in  the 
difTeience  of  phase,  and  the  curve  passes  imperceptibly  through 
all  the  forms  indicated  in  the  figure.  The  time  that  it  takes  to 
accomplish  the  entire  round  of  these  transformations  being  noted,  it 
is  concluded  that  there  is  a  difference  of  one  vibration  on  the  lowest 
tuning-fork,  and  two  vibrations  on  the  highest,  relatively  to  the 
numlicr  which  the  true  octave  would  produce. 

Tliis  method  is  so  precise  that  the  slightest  difference  is  detected. 
Thus,  let  us  suppose  two  tuning-forks  in  unison.  The  optical  curve 
will  be  according  to  the  difference  of  phase,  one  of  those  which  is 
represented  by  Fig.  136,  and  it  will  remain  during  all  the  vibrations. 
If  one  prong  of  the  tuning-fork  is  slightly  wanned,  it  will  cause  a 
decrease  of  pitch:  the  unison  will  be  altered,  and  immediately  we 
observe  a  variation  in  the  form  of  the  optical  curve  produced  on 
the  screen,  which  shows  that  the  concord  has  ceased. 

The  optical  method  not  only  determines  the  relative  numbers  of 
vibrations,  but  also  shows  the  absolute  number  of  the  vibrations 
which  correspond  to  a  given  sound.  Having  once  made  a  tuning-fork 
which  gives  the  normal  concert  pitch  of  the  note  C,  adopted  by 
orchestras,  it  is  easy  to  use  it  afterwards  as  a  type  from  which  to 
construct  otlier  tuning-forks  in  unison  with  it. 

M.  lissajous  has  applied  his  method  to  the  study  of  vibrating 
strings,  and  even  to  that  of  sound  propagated  through  air.  In  order 
to  effect  this,  he  illumines  the  string  at  one  of  its  extremities,  by 
casting  a  luminous  ray  upon  it :  in  the  second  instance  he  receives 
the  movements  of  the  air  on  a  membrane  to  the  surface  of  which  a 
small  bright  bead  is  affixed. 

We  have  forgotten  to  mention  that  if,  in  all  these  experiments, 
the  curves  traced  by  the  luminous  points  are  visible  at  the  same 
timo  in  all  their  parts — that  is  to  say,  if  an  entire  revolution  is 
ttfriniiiated  l>efore  the  persistence  of  tlie  impression  of  liglit  on  the 
retina  liad  ceased — as  the  duration  of  this  persistence  is  about  a  tenth 
of  a  second,  we  may  infer  that  such  is,  at  the  maximum,  the  time 
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employed  by  the  image  of  the  point  to  traverse  the  entire  sinuosity  of 
the  curve. 

Such  is  the  original  method  employed  by  M.  Liasajous  to  render 
vibratory  movements,  and  tlie  most  delicate  peculiarities  of  these 
movements,  perceptible  to  the  eye.  It  will  be  seen,  therefore,  that  we 
were  right  in  saying  that  a  person  deprived  of  the  faculty  of  hearing 
would  be  able  to  compare  sounds  with  greater  precision  than  the 
most  susceptible  ear  could  do  by  hearing  alone. 

During  the  last  few  years  a  musician,  M.  Koenig,  has  invented 
another  very  ingenious  method  of  studying  the 
vibrations  of  columns  of  air  in  tubes,  ■which  we 
will  now  endeavour  to  describe.  One  of  the  walls 
of  a  sonorous  tube  is  perforated  by  a  certain 
number  of  openings — with  three,  for  example,  cor- 
responding to  the  node  of  the  fundamental  note 
and  to  the  two  nodes  of  its  octave  ;  each  of  these 
openings  is  closed  by  a  small  chamber  from  whicli 
issues  a  gas  jet  communicating  with  a  tube  which 
conveys  the  coal  gas  to  the  chamber  and  jet  That 
part  of  the  chamber  which  communicates  with 
the  interior  of  the  sonorous  tube  in  contact  with 
the  vibrating  gaseous  column  is  formed  of  a  thin 
sheet  of  caoutchouc,  and  is  slightly  extended  by  the 
pressure  of  the  gas.  It  is  then  eminently  elastic, 
and  yields  to  the  least  increase  of  pressure.  Let 
us  suppose  the  gas  jet  to  be  lighted :  if  the  interior 
pressure  of  air  of  the  tube  increases,  the  caout- 
chouc membrane  is  compressed,  so  that  the  capa- 
city of  the  small  chamber  diminishes  and  the  flame 
is  elongated  ;  it  shortens,  however,  if  the  pressure 
diminishes,  because  the  interior  capacity  of  the 
chamber  then  increases.  It  will  be  seen,  therefore, 
that  the  gas  light  is  in  reality  a  manometer,  an  '"'i^MBUic  flime*'"' 
indicator  of  changes  of  pressure ;  and  M.  Koenig 
calls  the  flames  which  issue  from  the  gas  jets  at  the  side  of  the  pipe 
manometric  Jlamcs.  Let  us  imagine  that  the  sonorous  tube  is  fitted  to 
a  pair  of  bellows,  and  that  the  air  enclosed  by  it  is  thrown  into 
vibration.     We  know  that  when  a  gaseous  column  vibrates,  it  is 
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•IfaTiMteljr  ctifySKtoHX  and  dilate^l  hj  the  prniKigatinD  of  sonoions 
wnTMi,  If  the  wrtuA  pinduced  Ijy  tbe  tulie  u  the  frnKUroenUl  note, 
the  ivxle  in  fo'inne'l  at  the  tnitldle  of  the  gaseoas  colnntn :  at  this  pwot 
th«  dilatati'iii  and  coinpreswion  of  the  air  attain  their  maximam.  The 
MKO«iwive  fj}nAiiasaX\»m  ami  dilatations  are  then  tmismitted  to  the 
manoroetri';  chamber  of  the  middle  portion  of  the  tabe,  the  flame  of 
which  el'^ngatea  and  fthortens  itself  alternately,  execnting  a  series  of 
raovements  which  indicate  the  vibratory  condition  of  the  sonorons 
Ijody.  If  we  cause  the  tube  to  give  the  octa%'e  of  the  fundamental 
note,  there  will  lie  a  segment  opposite  to  the  middle  chamber  and 
a  node  at  each  of  the  others.  We  shall  then  obaerre  that  the  end 
flame*  are  very  ranch  agitated,  whilst  the  middle  flame  will  remain 
immoveable. 


I  lUW  WW 
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We  know  that  in  sonorons  tubes  the  vibrating  column  of  air  is 
divided  into  separate  part«  by  the  notles,  the  middle  points  of  which 
arc  vibrating  segments.  At  tbe  nodes  the  air  is  at  rest,  but  its  density 
is  alternately  at  a  maximam  and  minimum.  On  the  other  hand,  each 
vibrating  segment  is  the  point  wliere  the  disturbance  is  at  its  greatest, 
whilst  the  density  of  thu  air  remains  invariable.  Now,  as  the  varia- 
tion of  dcmsity  determines  the  variations  of  pressure,  and  as  these  are 
tniiisinittt^l  to  the  fintucs  by  tlie  mcmbmnes  of  tlie  chamber,  it  follows 
tliat  th<!  mauoNKttrit;  finnics  are  veiy  much  agitated  wbon  they  arc 
(>p]K(Hite  till)  noilcH,  whilat  they  remain  at  rest  if  tlicy  correspond  to  a 
st!gment  of  tlie  vibrating  column.  M.  Kocnig'a  mctliod  enables  us  to 
limvc  the  cxislenee  of  Uk-sc  different  jKiints:  by  reducing  the  flamen  to 
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a  Bmall  size,  the  fetation  which  they  undergo  opposite  the  nodes  puts 
them  out,  whilst  they  reniain  alight  opposite  the  segmeuts.  To  make 
the  elongations  and  shortenings  of  the  flame  more  3ensibli>,  M.  Koenig 
uses  a  mode  of  projection  similar  to  that  which  M.  LissHJoiis  hits 
adopted  for  the  optit-al  metliod.  He  places  a  mirror  near  the  jet  of 
gas,  and  causes  it  to  rotate  l.y  means  of  toothed  wlitjels  and  a  handle. 


When  the  tube  sounds,  the  revolving  mirror  shows  a  s 
flames  separated  by  dark  intervals,  or  a  luminous  band  with  a  toothed 
edge.  By  placing  a  converging  lens  between  the  jet  and  the  revolving 
mirror,  a  clear  and  bright  image  is  projected  on  the  screen,  where  all 
the  peculiarities  of  the  phenomenon  can  be  studied. 


303 


PHYSICAL  PBBSOMESA. 


[book  il 


TtinB,  ID  the  two  ezperimenU  which  we  have  jnst  described,  where 
the  tube  gives  snccessively  the  fundatnental  note  and  its  octave,  the 
chaise  of  light  shows  itself  immedjat«ly  in  the  manometric  flames,  as 
shown  by  Fig.  139,  where  the  upper  series  represents  the  effect  pro- 
duced by  the  vibration  of  the  fundamental  note,  whilst  the  lower 


series  proceeds  from  the  note  which  is  an  octave  higher.    The  number 
of  the  flames  is  doable  in  the  eecond  case. 

The  same  result  is  obtained  by  fixing  to  a  bellows  two  different 
tnbes,  one  an  octave  above  the  other,  each  of  which  is  furnished 


'^^^^^#M 


with  a  manometric  chamber ;  when  the  flames  are  reflected  on  the 
same  revolving  mirror,  they  give  the  two  series  which  are  represented 
ftlxive  (Fin-  1-11).  To  compare  the  pitch  of  the  notes  of  tubes  of 
ilitferent  intervals,  M.  Koenig  employs  another  method.  He  cimscs 
the  gtw,  till!  comliuytion  of  which  produces  the  flames  employed,  to 
pass  from  one  chamber  to  another,  but  only  one  jet  is  lighted.  By 
cnuHing  the  two  tubes  to  sound  simultaneously,  the  same  flame  is 
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agitated  by  the  two  systems  of  sonorous  waves,  and  following  each 
other  we  see  on  the  screen  flames  alternately  larger  and  smaller,  the 
number  of  which  depends  on  the  musical  interval  of  the  notes. 
"  This  disposition,"  says  M.  Koenig,  "  is  even  preferable  to  the  first, 
whenever  the  relation  between  the  two  tubes  is  not  perfectly  simple." 
For  example,  for  tubes  giving  C  and  E  (a  third)  the  observation  of 
four  images  corresponding  to  five  becomes  difficult;  but  the  suc- 
cession of  images  which,  by  groups  of  five,  are  elongated  and 
shortened,  and  which  are  seen  in  the  revolving  mirror  by  the  second 
arrangement  (Fig.  142),  is  not  of  a  very  complicated  appearance. 
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CHAPTER  IX. 

QUALITY  OF  MUSICAL  NOTES. 

Simple  and  compound  notes — Co-exbtenoe  of  bannonics  with  the  fundamental 
notes — The  quality  (clang-tint)  of  a  note  depends  on  the  number  of  the  hannonics 
and  their  relative  intensity  ;  M.  Helmholtz's  tbeoiy — Harmonic  resonant 
chambers  {resonnatturt) ;  experimental  study  of  the  quality  of  musical  notes — 
Quality  of  vowels. 

TT7E  have  seen  that  among  the  qualities  of  a  musical  note  there  is 
^*  one  which  distinguishes  notes  having  the  same  pitch  and 
intensity.  The  A  of  a  violin  has  not  the  same  character  as  the  A 
of  the  flute  or  piano,  or  that  of  the  human  voice ;  and  further,  on 
the  same  instrument  a  note  does  not  sound  the  same  if  the  mode 
of  producing  it  changes.  Thus  the  note  obtained  by  a  violin  string 
vibrating  its  whole  length  is  not  identical  with  the  same  note 
obtained  from  another  string  by  the  stopping  with  the  finger. 
Human  voices  can  also  be  distinguished  from  each  other,  as  we  can 
prove  at  any  moment,  although  the  notes  may  be  of  the  same 
intensity  and  pitch. 

This  particular  quality  of  notes  is  called  the  quality,  clang-tint, 
or  timbre. 

For  a  long  time  very  vague  ideas  prevailed  as  to  the  cause  of  this 
singular  modification  of  sound,  and  the  hypotheses  proposed  by  several 
mathematicians — among  them  Euler— could  never  be  verified  by  expe- 
riments. In  the  present  day,  thanks  to  the  labours  of  a  contemporary 
German  pliilosoplier,  M.  Helmlioltz,  this  obscure  part  of  the  science 
of  acoustics  has  l>een  fully  explained :  and  the  cause  of  the  quality 
of  sound  has  l)ecn  discovered.  Some  very  ingenious  instruments 
constructed  by  M.  Koenig  have  considerably  simplified  the  exi)eri- 
inental  verification. 
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When  a  striug,  tube,  tod,  or  aoy  sonorous  body  produces  a  note, 
wfl  have,  besides  the  fuodauental  note,  the  pitch  of  which  can  be 
easily  distinguished  by  the  ear,  more  feeble  notes,  which  correspond 
to  vibratione  of  less  amplitude  and  variable  velocitioH,  effected  by 
different  parts  of  the  sonorous  body.  The  co-existence  of  these 
yibr&tions  produces  a  compound  note:  on  the  one  hand  the  most 
intense  fundamental  note ;  and  on  the  other,  harmonic  sounds  whose 
numbers  of  vibrations  are  multiples  of  the  number  of  vibrations 
of  the  fundamental  note. 

According  to  M.  Helmholtz,  the  clang-tint  of  a  note  depends  at 
once  on  the  number  of  harmonic  notes  which  accompany  it,  and  on 
the  relative  intensity  of  each  of  them.  The  exactitude  of  this  ez- 
plauation  has  been  proved  by  the  following  means : — 

A  series  of  hollow  copper  globes,  of  different  sizes,  pierced  with 
two  openings  of  unequal  diameter,  were  constructed  in  such  a  manner 
that  in  each  of  them  the  interior 
mass  of  air  resounds  when  a  body 
giving  a  certain  note  is  placed  before 
the  large  opening  (Fig.  143).    These 
are  called  resonaiice  globes,  and  their 
property  consists   iu   strengthening 
the  notes  for  which  they  are  tuned,  „ 
and  by  which  the  air  which  they 
enclose   is   thrown    into    vibration. 
This  being  established,  M.  Koenig 
constructed  an  apparatus  formed  of 
eight  globes  tuned  to  the  series  of 

the  harmonic  sounds,  1, 2,  3, 4, 5, 6,  &c. :  for  example,  for  the  notes  do^, 
do^  sol^,  do^,  mi^,  aol^,  &c.  Fig.  144  shows  them  fixed  on  a  stand  one 
below  the  other;  they  each  communicate  by  an  india-rubber  tube 
placed  over  the  smalt  opening  with  a  manometric  chamber ;  the  gas 
jets  of  these  chambers  are  placed  imrallel  to  the  revolving  mirror,  and 
we  can  easily  see  on  the  surface  of  this  mirror,  by  the  agitation  or 
repose  of  these  flames,  which  of  the  globes  has  entered  into  vibration. 
When  a  sonorous  body,  a  tuning-fork  for  instance,  is  caused  to  vibrate, 
and  is  moved  before  the  openings  of  the  globes,  the  note  is  strengthened 
as  soon  as  it  passes  before  that  which  gives  out  the  note  of  the  same 
pitch ;  and  the  ilanie  of  this  globe  appears  agitated  in  the  mirror.     If 
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then,  a  compound  tone  is  produced,  to  study  the  harmonics  of  this 
note  and  their  relative  intensity,  the  sonorous  body  must  lie  moved 
before  the  openings  of  the  ylobe,  and  certain  flames  will  be  seen  agi- 
tated whilst  the  others  reniiiiu  at  rest.  As  the  agitation  ia  more  or 
less  rapid,  the  intensity  nau  bo  calculated. 

lly  tliis  means  we  can  show  that  a  variation  in  the  clang-tint  of 
a  note  of  certain  pitch  results  from  the  difference  of  the  harmonica 
which  compose  it,  and  from  the  predominance  of  one  or  other  of 
its  secondary  tones. 


H.  KnvDiij'*  aiipumtiu  (or  unalriliig  cUng-tiBll. 


M.  Helmholtz,  by  applying  this  method  to  the  study  of  the  clang- 
tints  of  vowels,  has  discovered  that  the  vowel  -4,  for  example,  is  pro- 
cIuc(h1  hy  a  comiwund  of  certain  harmonics;  so  that  wlien  the  larynx 
emits  this  particular  sound,  the  mouth  is  in  such  a  position  as  to  give 
the  predominance  to  such   of  the   liarmonic  notes  as  are  required. 


CHAP.  IX.]  QUALITY  OF  MUSICAL  NOTES,  207 


Tlie  harmonics  vary  for  each  vowel  sound,  and  are  produced  by  the 
cavity  of  the  mouth,  &c,  being  so  arranged  as  to  resound  most 
strongly  to  the  harmonic  required.  Thus  in  the  case  of  the  vowel- 
sound  0,  we  require  the  fundamental  and  a  strong  higher  octave; 
A  requires  the  third ;  E  an  intense  fourth ;  while  in  U  the  harmonics 
are  thrown  into  the  shade.  ^ 

^  This  interesting  subject  is  treated  at  some  length  in  Professor  Tyndall's  work 
on  "  Sound,'*  to  which  we  refer  for  further  particulars. 
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CHAPTER  X. 


HEARING   AND   THE   VOICE. 


Organ  of  hearing  in  nian  ;  anatomical  description  of  the  ear — The  external  ear  ;  the 
orifice  and  auditory  meatus — The  intermediate  ear ;  the  drum  and  its  membrane ; 
chain  of  small  bones — The  internal  ear  or  labyrinth  ;  semicircular  canals,  the 
cochlea  and  fibres  of  Corti ;  auditory  nerve~R61e  of  these  different  organs  in 
bearing ;  the  difference  between  hearing  and  listening — The  organ  of  the  voice 
in  man ;  larynx,  vocal  cords — Clang-tint  of  voices. 

A  LL  physical  phenomena  are  revealed  to  man  by  the  impressions 
'^^  which  they  produce  on  his  organs.  To  him  they  are  simple  or 
compound  sensations,  according  as  one  or  several  senses  conduce  to 
their  production.  Thus  it  is  by  the  help  of  the  organ  of  sight  that 
we  see  light ;  by  touch  that  we  perceive  the  sensation  of  heat :  the 
eiTorts  our  muscles  make  to  lift  a  heavy  body,  the  sight  of  a  falling 
stone,  reveal  to  us  the  existence  of  gravity  ;  and  the  ear  gives  us  the 
sensation  of  sound. 

But  to  study  the  phenomena  in  themselves,  and  to  discover  the 
conditions  and  the  laws  of  their  production,  it  is  necessary  for  us  to 
distinguish  in  the  sensations  experienced,  what  belongs  to  our  organs, 
and  what  is  a  stranger  and  external  to  them :  by  this  means  only  the 
real  nature  of  the  phenomena  becomes  intelligible  to  us.  In  truth, 
this  abstraction  is  never  complete,  because  there  cannot  be  one 
observation  or  one  experiment  which  does  not  require  the  presence  of 
man  and  the  intervention  of  one  or  other  of  his  senses  to  prove  the 
results.  How  shall  we,  then,  succeed  in  abstracting  ourselves,  so  to 
speak,  in  the  stu<ly  of  physical  phenomena?  It  is  by  varying  in  all 
possible  ways  their  modes  of  production,  as  well  as  the  methods  which 
we  use  to  observe  them  ;  in  a  word,  it  is  by  tlie  mutual  control  of  the 
sensations,  one  over  the  other,  that  the  truth  can  by  degrees  be  brought 
to  light,  and  the  phenomena  appear  to  us  in  their  individuality  and 
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independence.  Thanks  to  the  use  of  these  methods,  we  now 
know  the  nature  of  sound;  we  know  that  it  consists  of  a  peculiar 
movement  of  the  molecules  of  elastic,  solid,  liquid,  or  gaseous  elastic 
bodies.  We  have  already  proved  the  existence  of  sonorous  vibra- 
tions and  studied  their  laws.  It  now  remains  for  us  to  know  how 
these  vibrations  are  communicated  to  our  organs,  until  the  time  when 
they  form,  so  to  speak,  an  integral  part  of  our  being,  when  the 
disturbance  which  they  communicate  to  our  nerves  is  transformed 
into  a  particular  sensation,  which  is  the  sensation  of  sound.  The 
ear  is  the  special  apparatus,  in  man  and  all  animals,  designed  to 
collect  sonorous  vibrations  and  to  transmit  them  to  the  auditory 
nerve.  Let  us  endeavour  to  explain,  according  to  the  anatomists, 
the  disposition  and  the  r6le  of  the  different  parts  of  this  organ. 

Every  one  knows  the  external  ear,  situated  on  each  side  of  the  head, 
and  composed  of  two  parts, — the  cda,  or  wing,  and  the  auditory  canal. 

The  ala  or  wing  of  the  external  ear  (concha),  A  (Fig.  145),  consists 
of  a  cartilaginous  membrane,  its  form  varying  with  different  persons, 
but  most  often  it  is  of  an  irregular  oval  shape,  becoming  smaller  at 
its  lower  part.  At  the  centre  there  is  a  sort  of  funnel,  the  trumpef, 
which  forms  the  entrance  of  the  auditory  meatus,  B,  a  kind  of  tube 
or  sonorous  pipe  which  terminates  at  a  certain  point  where  the 
intermediate  ear  begins:  there,  separated  from  the  auditory  canal  by 
a  very  thin  and  delicate  membrane,  c — the  tympanic  membrane — is 
the  tympanum,  a  sort  of  drum  (d),  known  as  the  drum  of  tlie  ear.  The 
membrane  of  the  tympanum  is  inclined  very  obliquely  to  the  axis 
of  the  auditory  nerve,  so  that  its  surface  is  much  greater  than  the 
cross  section  of  the  canal  at  the  point  of  its  insertion.  The  drum 
of  the  ear  is  pierced  with  four  openings,  two  of  which  are  through 
the  wall  which  faces  the  membrane,  and  as  one  is  of  a  circular  and  the 
other  of  an  elliptical  form,  they  are  designated  the  round  and  the  oval 
window ;  the  latter  the  fenestra  ovalis  of  our  anatomists.  At  the 
lower  part  of  the  tympanum  enters  by  the  third  opening  a  canal,  i, 
which  makes  communication  between  the  middle  ear  and  the  outer 
air  through  the  intervention  of  the  nasal  fosses.  Lastly,  a  fourth 
opening  is  in  the  upper  part  of  the  drum.  In  the  interior  of  the 
tympanum  there  is  a  series  of  little  bones  known  as  the  chain  of 
stmall  bones,  or  auditory  ossicles.  Fig.  146  represents  the  forms  and 
relative  positions  of  these.     One,  the  hammer  {malleus),  M,  rests  oii 
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one  side  on  the  membrane  of  the  tympanum,  and  the  other  on  the 
anvil,  E  {incus).  The  two  others  are  the  lenticular  bone,  L  (os  orbicu- 
tare),  and  the  stirrup  (stapes),  K,  both  named  on  account  of  their 
form.  The  bottom  of  tlie  stirrup  is  joined  to  the  membrane  which 
ia  tightly  stretched  over  the  fenestra  o'xilis.  Two  little  muscles  help 
to  move  the  hammer  and  the  stirrup,  to  support  them  with  more 
or  less  force  gainst  the  adjoining  membranes,  and  to  prevent  too 
violent  motion. 

Behind  the  drum  of  the  tympanum  is  the   internal  ear,  which 
appears  to  be  the  most  essential  part  of  the  organ  of  hearing.     It  is 


protected  by  the  hanlcst  jmrts  of  the  temporal  bone  which  anatomists 
call  the  petrous  bone.  Three  separate  cavities  compose  the  internal 
ear :  they  are,  tb(i  vestibule,  at  the  JuiiliUe  ;  the  semicircular  canals,  t!, 
at  the  uppi-r  part ;  and  the  cochlea,  li,  at  the  lower  ])art.  The  whole 
forms  the  labyrinth,  the  interiur  of  which  is  covered  with  a  membrane 
which  bathes  in  a  Kchatinous  liquid,  the  pn-ihfinph.  Info  this  liquid 
plunge  the  ramifications  of  the  auditor^'  nerve,  which  penetrates  to 
tlic  hilivriiilli  by  a  buiiy  rnnal  called  the  inner  auditory  meatus. 

Sucii  i.s  a  ilnwriptiou  of  the  jiriucipai  parts  wliich  constitute  the 
(ir^MU    >i{   iie;iiiii;j   in    man:    us   wi'   dcsi'i-nd   Ihe  animal   series,   the 
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external  and  middle  ears  gradually  disappear, -but  in  proportion  as 
the  oi^u  is  simplilicd  the  remaining  [xiits  are  more  developed.  It 
now  only  remains  for  us  to  explain  the  use  of  each  of  tliein. 

Evidently  the  ohjeet  of  the  external  car  is  to  collect  and  reflect 
sonorous  waves  into  the  opening  of  the  external  auditor)'  canal.  Tliis 
is  proved  by  the  fact  that  animals  which  have  the  wing  of  the  ear 
moveable  turn  this  opening  towanls  the  place  whence  the  sound 
comes,  as  soon  as  their  attention  is  awakened.  Man  has  not  this 
faculty ;  but  it  has  been  observed  that  the  most  delicate  ears  helonf; 
to  those  whose  ear-wing  is  furthest  from  the  skull;  and  we  all  know 
that  to  be  able  to  hear  better,  it  snfRces  to  enlarge  the  surface 
artificially  with  the  hollow  of  the  hand.  The  external  auditory 
canal  transmits  the  sonorous  vibrations,  after  strengthening  them, 
to  the  membrane  of  the  tympanum,  then  by  the  chain  of  small 
bones  to  the  inner  ear'     The  Kustaehian  tube,  hy  bringing  the  outer 
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air  into  the  box  of  the  tympanum,  maintains  on  both  sides  of  the 
menihrane  the  same  pressure. 

As  to  the  small  Imjhcs,  besides  their  function  of  transmitting  vibra- 
tions to  the  inner  ear  more  easily  and  energetically  than  a  gaseous 
body  would  do,  it  appears  certain  that  tliey  ti-ansmit  the  motions 
from  the  tympanic  membrane  to  the  fvni'Mra  ocali'i,  and  ptrhat>3 
that  they  stretch  the  membrane  of  the  tympanum  and  that  of  the 
fenestra  oralis,  and  thus  render  them  more  susceptible  to  vihiTitory 
movement.  Hence  the  difference  which  exists,  as  regards  sensa- 
tions between  the  modes  of  audition  which  are  ehamclerized  hy  the 

'  Thi>  Molii)  pnrt!<  of  the  hviul  iin<l  ihe  teeth  <1irec(1y  tmn.'>mit  suiiomiiH  vi  brat  in  nil 
to  the  iiitcmiil  eiir.  If  we  BUBpeixl  ii  bell  to  u  string  betwei'n  thu  teetli,  iinil  .'<(up 
the  ears,  a  deep  nuiintl  U  tnin»mi[ted  by  the  ihrp^id,  Ihe  teeth,  iind  petnma  bones  tu 
the  internal  ear.  Denf  people  whowe  intiniiity  i^^  only  owing  to  a  bad  (-onroniintiuti 
of  th«  intemnl  organs,  cnn  hcnr  in  thin  way, 
P  2 
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two  words  to  listen  and  to  hear.  The  person  wlio  only  hears  does 
not  undergo  such  a  strong  sensation,  because  the  action  of  the  will 
is  not  interfered  with.  On  the  other  liand,  as  soon  as  he  listens 
he  instinctively  gives  the  order  to  the  muscles  of  the  hammer  and 
of  the  anvil  to  act ;  tlie  membranes  are  stretched,  and  the  sound 
becomes  more  intense  and  distinct.  This  idea,  proposed  by  Bichat, 
is  adopted  by  physiologists  and  philosophers.  It  appears  that  the 
degree  of  tension  of  the  membrane  of  the  tympanum  also  varies 
with  tli(!  degree  of  acitteness  or  of  depth  of  the  sound  to  be  heard  ; 
to  perceive  acute  sounds,  the  membrane  is  stretcbed  nmch  tuore 
than  if  they  were  deep  sounds.  In  Professor  Huxley's  "Lessons  on 
Elementary  Physiology,"  it  is  stat-cd  that  the  membranous  labyrinth 
distinguishes  iiUensity  and  quantity  of  sound ;  while  the  finer  qualities 
are  discriminated  in  the  cochlea,  the  scala  media  of  which  represents 
a  key-board  of  a  piano,  the  fibres  of  Corti  the  keys,  and  the  ends  of 
the  nerves  the  strings.  There  is  therefore  a  fibre  ready  to  take  «p 
any  particular  note  of  vibration,  and  it  is  deaf  to  all  others, 

We  have  said  above  that  the  inner  ear  is  the  most  essential  part  of 
the  organ  of  hearing;  and,  indeed,  it  has  been  proved  that  the  membrane 
of  the  tynipanum  and  the  small  bones  can  be  lost  without  deafness 
ensuing,  always  providing  that  the  two  windows  of  the  tympanum  are 
nut  torn,  for  then  the  liquids  wJiich  moisten  tlie  auditory  nerve  flow 
iiway,  the  oi-gans  of  the  inner 
ear  become  dried  up,  and  they 
lose  their  sensibility,  as  well 
iis  the  ramifications  of  the 
nerve  itself  In  this  case, 
there  is  absolute  deafness. 

From  the  preceding  remarks 
we  see  that  the  theory  of 
hearing  still  presents  some 
diffioultios ;  but  it  is  rather 
the  task  of  physiologists  than 
of  physicists  to  dissipate  them 
entirely.  Tliat  which  is  so  admirable  in  this  organization  of  one  of 
the  mo.st  u-^eful  senses  to  the  conservation  of  the  individual,  to  his 
relations  with  his  fellows  and  the  outer  world,  and  which  is  the 
source  of  the  most  delicate  and  pivfound  enjoyments,  is  its  wouderfiil 
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faculty  to  hear  an  indefinite  multitude  of  sounda.  The  co-existence 
of  vibrations  in  the  air  and  in  media  suitable  for  the  propagation 
of  sound  accounts  for  this  property  of  the  ear,  which  transmits  to 
the  nerves  and  thence  to  the  brain  the  thousand  moditications  of 
the  elastic  medium  among  which  we  live. 

Let  ua  conclude  this  study  of  the  phenomena  of  sound  by  a  short 
description  of  the  organ  of  the  voice  in  man,  of  this  natural  musical 
instrument  by  the  aid  of  which  we  communicate  our  ideas  in  their 


most  delicate  and  intimate  shades,  aa  instrument  so  ti<;xible  and  com- 
plete that  the  most  perfect  artificial  instrument  cannot  succeed  in  tlie 
diversity  of  shades  and  (qualities  wliich  enables  the  buiuan  voice  to 
express  the  most  varied  sentiments  and  passions. 

The  vocal  organ  is  nothing  more  than  a  wind  instrument ;  that  in, 
the  sounds  are  produced  by  more  or  less  rapid  vibrations  of  the  air,  in 
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it5  pAs^a;:*;  tLfinjIi  a:i  ojieniiij  of  j-«ar::cu:ar  fonn  more  or  less  re^ 
fctrici^l-  TLe  air  j«a*r^?  frr»ni  the  lungs  l-y  a  mlie  or  annular  canal,  x, 
cailed  th*;  W3ndp:j-r:  from  that  it  r^enrtRites  iiiio  the  larynx.  M. where 
it  eutPri  iuto  vibrat:«.'n  and  jr^yiuces  the  noies  of  the  voice,  then 
into  the  jJi'^n'nx.  a  tunnel  which  enter?  the  l«a«.-k  of  the  mouth. 
The  s^jund  then  arrives  in  the  ca\'ities  of  the  nasal  fosses  and  of 
the  month,  whicli  acts  as  a  resonant  chamber  and  gives  a  special 
clang-tint  to  the  note. 

Fi''uie  141*  shows  the  interior  conformati»jn  of  the  larvnx.  It  is  as 
it  wf-re  a  kind  of  cartilaginous  box,  the  liase  of  wliich  terminates  in 
the  windpi[/e,  N,  and  the  summit  by  the  hviid  bone,  formal  like  a 
hor'«--^li'^>«,'.  Tiie  epiglottis,  E,  is  a  sort  of  moveable  valve,  which  by 
descending  can  close  the  larj-nx  at  its  up[»er  part,  thus  preventing 
ffXid  from  penetniting  into  it,  which  would  province  extinction  of  the 
voice,  and  suilVxatiou.  Underneath  the  epiglottis  is  the  glottis,  K, 
an  oi>ening  comprised  between  two  systems  of  folds  leaving  a  cavity 
Ixjtween  them  called  the  ventricles  of  the  lan'nx.  These  folds 
Ixmuding  the  glottis  are  the  so-called  **  vocal  chonls,*'  or  ligaments: 
these  are  ehistic  cushions,  with  broad  bases  and  sharp,  free,  parallel 
edges;  they  are  stretched  to  a  degree  of  tightness  which  enables 
tliem  to  vibrate  quickly  so  as  to  produce  audible  sounds,  the  vibration 
being  set  up  by  the  passage  of  the  air.  Wien  quiescent,  the  glottis 
is  V-shaped,  and  air  can  pass  without  producing  sound. 

Physiological  exiHiriments  have  sliown  tliat  the  vocal  chonls  vibrate 
like  the  sernited  mouths  of  sonorous  tubes,  and  that  sounds  thus  pro- 
duce<l  are  more  or  less  acute  according  iis  the  tension,  more  or  less 
strong,  of  the  v(x;al  chords  modifies  the  form  and  dimensions  of  the 
o[>ening  between  them  called  the  glottis.  When  the  note  arrives  in 
the  moutli,  its  pitch  is  determined ;  it  is  not  submitted  to  any  other 
mo<lifications  than  those  which  constitute  the  clang- tint,  or  which 
form  the  articulated  voice.  The  movements  of  the  pharynx,  tongue, 
and  lips  serve  to  produce  these  various  changes,  which  we  have  not 
the  space  to  speak  of  here.  We  will  only  state  that  men's  voices, 
differing  from  those  of  women  or  children  by  their  depth,  owe  their 
character  to  the  ^n*ater  dimensions  of  the  larynx  and  the  opening 
of  \\\K\  glottis.  Tlie  rapid  development  of  this  oigau  in  young 
jieojde,  towards  the  age  of  puberty,  is  the  ciuse  of  the  transforma- 
tion which  we  observe  in  their  voices. 
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"ITTE  are  about  to  enter  a  fairy-like,  eucliauted  world,  a  world  of 
*^  wonders,  where  rubies,  sapphires,  topazes,  and  all  kinds  of 
precious  stones  send  forth  their  fires;  where  every  object  is  of  in- 
comparable beauty  and  splendour ;  in  a  word,  into  the  world  of 
light  and  colour. 

Thus,  the  cycle  of  the  phenomena  of  nature  gi*a<lually  passes  in 
review  before  us.  After  having  studied  the  physical  forces,  more 
particidarly  in  their  mechanical  action,  this  action  Wing  so  general 
and  so  constant  that  it  appears  to  give  us  more  the  idea  of  matter,  we 
have  now  to  notice  a  series  of  phenomena  more  variable  and  more 
directly  connected  with  the  movements  of  organized  beings,  the  prin- 
ciple of  which  is  a  condition  of  life — the  phenomena  of  light  and  heat. 

It  is  difficult  if  not  impossible  to  have  a  clear  idea  of  the  nature  of 
the  phenomena  of  light  on  the  surface  of  the  various  celestial  bodies 
which  people  space.  But,  on  the  eartli,  what  variety  and  magnificence 
we  witness  during  tlie  day  and  the  night !  If  the  eye  of  man  cannot 
look  at  the  dazzling  star  when  it  shines  in  all  its  brilliancy  in  a  cloud- 
less sky — if  even  the  portion  of  llie  sky  surrounding  the  solar  disc 
hurts  the  sight — the  whole  country,  on  the  other  hand,  is  resplendent, 
and  sends  us  back  the  ravs  which  inundate  it.  Moreover,  thanks  to 
this  double  journey  of  the  rays  of  light,  from  tlie  sun  to  the  terrestrial 
objects  and  from  them  to  us,  a  wonderful  transformation  is  effected. 
The  source  of  all  this  emits  but  one  tone,  one  colour,  while  a  multi- 
tude of  shades  and  various  colours  are  sent  back  to  us  by  the  objects 
seen.  This  metamorphosis  is  so  familiar  that  we  do  not  even  suspect 
it :  each  body  appears  to  us  to  possess  in  itself  a  colour  of  its  own,  and 
tlie  presence  of  a  luminous  .source,  wliatever  it  may  be,  at  fii*st  appears 
to  have  no  other  influence  than  to  render  it  perceptible. 
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TiiH  variaV»le  rifttiire  of  atmospheric  coii«iiiioiis  als<:»  adds  to  the 
Ijfsauty  of  the  sf»ectaclf.'  hy  the  continual  changes  which  it  brings  to 
ih*i  thousand  shades  of  lij^dit  and  C'dour.  l>urinir  the  night  the  spectacle 
is  different:  it  is  a  softer  lii'ht  which  slowlv  succeeds  the  diurnal 
illumination :  but  the  charm  thus  becomes  even  more  grateful.  Tlie 
light  of  the  moon  at  it.s  different  phases,  the  miUions  of  stellar  fires 
which  sprinkle  the  dark  azure  of  the  starrj'  vault,  the  misty  veil 
with  which  the  landscai>e  is  enveloped,  multii>ly,  with  the  glimmer  of 
twilight  and  the  aurtira,  the  various  beauties  of  the  scene.  Light  and 
colours !  .  .  .  .  For  the  artist  there  is  such  a  powerful  magic  in  these 
words,  that  often,  being  smitten  with  passion  for  them  alone,  he  sees 
nought  else,  and  considers  them  as  alone  the  objects  of  art.  But  he 
has  no  need  to  visit  museums  to  enjoy  these  beautiful  things:  the 
Rembrandts,  LoiTains,  and  Veronese  have  drawn  their  inspiration  from 
the  c<juntr}'.  Eich  jewel-cases  do  not  help  us  to  admire  the  wonders 
of  light.  He  who  knows  how  to  obser\-e  can,  without  even  changing 
his  place,  see  them  displayed  around  him :  a  ray  of  sunlight  which 
jxinetrates  into  his  room  and  passes  through  a  glass  of  water,  the 
morning  or  evening  horizon,  dewdrops  which  shine  suspended  like 
diamonds  or  pearls  on  the  leaves  of  trees,  the  rainbow  colours  of  a 
liquid  bubble,  and  a  thousand  other  phenomena  which  are  con- 
tinually following  and  modifying  each  other, — surely  this  is  an 
inexhaustible  source  of  pictures  for  an  artist,  a  subject  full  of 
studies  for  the  savant  ! 

Li<;ht  <rives  us  all  this :  dav  and  ni^ht,  dazzlin*;  illumination  and 
feeble  glinnnei*s  which  traverse  the  pixjfound  darkness,  decided  colours 
and  innunierdble  sliades,  opjxj^ilions  and  transitions,  similitudes  and 
contrasts,  and  always  Imiiiony.  Is  it  then  astonishing  that  primitive 
races,  in  their  simple  ignorance,  reserved  their  adorations,  through 
admiration  and  gratitude,  for  the  source  whence  came  both  ligh|t  antl 
heat  ?  This  was  in  their  minds  the  beneficent  and  fruitful  sovereign, 
the  true  God  of  the  universe.  Modern  science,  less  respectful  but 
more  intelligent,  placed  face  to  face  with  physical  agents,  has  tried  to 
solve  the  secrets  of  tlie  phenomena  of  light,  and  has  succeeded,  with 
tlie  liclp  of  a  delirate  and  profound  analysi>,  in  discoveriug  the 
]>rin<'ip;il  law-i.     Tlic  r»fsult  of  tlics*'  luMutiful  researches  will  now  br 

tllr    nlij«M.t    of   our  <'\|»«»>ilin|i, 

Ij't    u>   til -I   i'tiixiili-r  tin*   principal   ^••urco^  of  light. 
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CIIAITEK    I. 

SOURCKS   OF    LKiHT   OX   TilK   St'KFACE   OF   THE   EAUTH. 

Sources  of  cosmical  light  :  the  sun,  planets,  and  stars— Terrestrial,  natural,  and 
artiBcial  luminous  sources— Lifrhtning  ;  Polar  auroras  ;  electric  light ;  volcanic 
fires  ;  light  obtained  by  combustion. 

T  IGHT  sources  may  be  divided  into  two  classes,  according  to  their 
-*-^  origin:  the  first,  the  cosmical,  are  exterior  to  the  earth;  the  second 
exist  on  our  planet  or  in  its  atmosplieric  envelope.  The  Sun  must 
be  placed  first  among  the  cosmical  sources  of  light.  It  is  the  most 
powerful  source  of  all  to  us.  The  mean  brightness  of  its  light  is, 
according  to  Wollaston,  800,000  times  greater  than  that  of  the  full 
moon;  and  as  the  brightest  star  in  the  sky,  Sirius,  does  not  give  mucli 
more  than  tlie  7,000th  part  of  the  Moon  light,  it  follows  that  it 
woiUd  require  at  least  five  tliousand  six  himdred  millions  of  similar 
stars  to  illuminate  the  earth  to  an  equal  extent  to  that  of  the  Sun. 
It  is  well  known  that  the  movements  of  rotation  and  translation  of 
our  planet  are  of  such  a  nature  that  the  light  of  the  Sun  is  periodically 
distributed  over  each  ])art  of  its  surface.  The  liglit  is  variable 
according  to  the  season  and  hour  of  the  day,  the  greater  or  less 
elevation  of  the  solar  disc  above  the  horizon  having  much  to  do 
with  its  apparent  luminous  intensity;  but  the  interposition  of  the 
va[)orous  masses  which  constitute  cloiuls,  mists,  and  fogs,  tends  also 
considerably  to  enfeeble  it. 

The  solar  light  reaches  us  some  time  after  the  Sun  has  sunk  below 
the  horizon.  The  upper  strata  of  the  air  remain  directly  illuminated 
when  the  Sun  has  ceased  to  light  up  the  place  of  ol)servation  and  the 
lower  strtita ;  and  this  is  the  cause  of  twilight,  the  length  of  which  is 
prolonged  by  a  phenomenon  which  we  shall  soon  study  under  the 
name  of  ** refraction  of  light.' 
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Aiuong  those  lights  which  are  of  celestial  origin,  there  are  some 
which  are  not  direct  luminous  sources :  the  Moon,  for  example,  which 
makes  our  nights  so  bright,  receives  her  light  from  the  Sun  before 
reflecting  it  to  us.  This  is  also  the  case  with  planets  and  their 
satellites. 

The  sources  of  light  which  have  their  origin  on  our  planet  may  be 
divided  into  natural  and  artificial  lights.  Lightning  in  storms,  fire 
produced  by  volcanic  eruption,  polar  aurorse,  so  frequent  in  northern 
and  southern  regions,  together  with  shooting  stars  and  bolides,  and 
perhaps  the  zodiacal  liglit,  must  be  ranked  with  the  first.  We  may 
also  add  those  lights  which  are  developed  in  certain  organized  beings, 
the  phosphorescence  of  certain  insects,  the  marine  infusoria  known 
as  the  Noctilucce,  some  being  vegetable  and  some  mineral 

We  all  know  that  light  can  be  procured  artificially  by  combustion, 
which  is  nothing  more  tluin  chemical  combination  accompanied  by  the 
disengagement  of  light  and  heat.  Electricity  is  also  a  source  of  light ; 
and  science,  as  we  shall  presently  learn,  has  succeeded  in  utilizing  its 
powerful  light,  the  intensity  of  which  is  so  great  that  it  can  only  be 
compared  to  the  dazzling  brightness  of  the  Sun  itself. 
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CHAPTER   II. 

THE   PROPAGATION    OF   LIOHT   IN   HOMOGENEOUS   MEDIA. 

Lif^ht  is  propagated  in  vacuo — Transparent,  solid,  liquid,  and  gaseous  bodies  ;* 
transparency  of  the  air — Tninslucid  bodies — Light  is  propagated  in  a  right  Hne 
in  homogeneous  media  ;  rays,  luminous  pencils,  and  bundles  of  rays — Cone  of 
shadow,  broad  shadow,  cone  of  penumbra — The  camera  obscura— Light  is  not 
propagated  instantaneously — Measure  of  the  velocity  of  light  by  the  eclipse  of 
Jupiter's  satellites — Methods  of  MM.  Fizeau  and  Foucault. 

T.  IGHT  is  propagated  either  in  vamio,  or  within  certain  solid,  liquid, 
-*-^  or  gaseous  media.  When  we  speak  of  vacaOy  we  mean,  with  philo- 
sophers not  an  absolute  vacuum,  but  a  space  entirely  deprived  of  all 
tangible  substance,  as  the  interplanetary  space  probably  is,  or  the 
space  above  the  mercury  in  a  barometer,  and  vessels  exhausted  by  an 
air-pump.  The  light  which  reaches  us  from  the  Sun  and  stars,  and 
that  which  passes  through  the  exhausted  receiver  of  our  laboratory, 
prove  that  light,  unlike  sound,  does  not  require  a  ponderable  medium 
for  its  propagation.  As  regards  the  passage  of  light  through  the  air 
and  different  gases,  through  water  and  a  great  many  other  liquids,  and 
lastly,  through  solids  like  glass,  special  experiments  are  not  required 
to  prove  this. 

We  also  know  that  luminous  bodies  are  not  the  only  ones  which 
produce  in  us  the  sensation  of  light ;  but  they  serve  to  light  others 
and  to  render  tliem  visible.  Bodies  thus  illuminated  then  become 
secondary  luminous  sources,  whence  light  emanates,  to  be  propagated, 
through  the  media  of  which  we  have  just  spoken,  as  direct  light. 
Bodies  may,  then,  be  arranged,  as  regards  their  property  to  emit, 
receive,  or  allow  light  to  pass  through  them,  into  different  classes : 
viz.,  as  self-luminous  bodies,  non-luminous  transparent,  and  non- 
luminous  opaque  bodies. 
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Transparency  and  opacity  are  never  absolute.  Light  which  passes 
tlirough  bodies  like  air,  water,  or  glass,  is  always  partly  absorbed ; 
and  observation  proves  that  absorption  is  greater  in  proportion  to 
the  thickness  of  the  substance  traversed  by  the  light.  Objects 
may  be  clearly  seen  through  a  plat<3  of  glass  or  a  shcillow  layer  of 
water;  but  in  proportion  as  the  thickness  increases,  the  clearness 
decreases  :  the  colourless  medium,  which  at  first  appeared  to  be  inter- 
posed between  the  eye  and  the  objects,  begins  te  assume  a  deeper  tint, 
until  the  light  is  totally  absorbed,  and  at  last  nothing  is  seen  but  the 
medium  itself.  A  white  disc  was  plunged  into  the  sea  off  the  coast 
of  Civita  Vecchia  when  the  water  was  perfectly  clear,  of  a  beautiful 
colour,  and  of  great  purity,  and  it  was  found  to  entirely  disappear  at  a 
depth  of  45  metres  (experiments  of  il.  Cialdi).  "  At  first  the  disc 
became  slightly  greenish,  then  a  clear  blue,  and  this  blue  darkened  in 
proportion  as  the  apparatus  was  allowed  to  descend,  until  the  colour, 
having  also  become  as  dark  as  that  of  the  water,  could  not  be  dis- 
tinguished from  the  surrounding  medium."  Discs  of  a  yellow  or  mud 
colour  disappeared  under  the  same  circumstances  at  depths  of  from 
17  to  2-t  metres. 

The  transparency  of  gases,  and  of  atmospheric  air  when  it  is  pure, 
is  much  greater.  From  a  very  considerable  elevation  like  that  of  Mont 
Blanc,  the  eye  enjoys  a  grand  panorama,  and  can  distinguish  objects 
at  a  considerable  distance.  According  to  M.  Martins,  the  portion  of 
the  earth's  surface  geometrically  visible  from  the  top  of  Mont  Blanc 
has  a  radius  of  210  kilometres.  It  would  hence  be  possible,  if  the  air 
were  absolutely  transparent,  to  perceive  the  Gulf  of  Genoa  ;  but 
'•beyond  100  kilometres  the  objects  are  obscured  by  a  haze,  and 
become  confusedly  seen,  or  eftaced.  For  a  distance  of  00  kilometres 
everything  is  clear  and  recognizable."  Luminous  points  would 
without  doubt  be  seen  during  the  night  at  the  limits  of  the  range  of 
visibility :  such  was  the  opinion  of  M.  ^Martins  and  the  saranta  who 
accompanied  him,  since  they  projwsed  to  exchange  fire  signals  with  the 
town  of  Dijon,  which  is  one  of  the  points  of  this  immense  horizon. 

In  addition  to  transparent  or  diaphanous  substances,  there  are  some* 
which  are  simply  translucent,  through  which  light  is  able  to  pass,  with- 
out permitting  tlie  colours  or  tlie  shape  of  objects  t<^  l>e  distinguished 
through  them:  ground  glass,  jiaper,  liorn,  alabaster,  ami  certain  li<iuiils, 
as  milk,  are  examples.     r>y  wetting  paper,  ar  by  coverinLr  it  with  a 
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thin  layer  of  oil,  its  transluceiicy  is  increased,  and  may  even  be 
changed  into  transparency  if  the  paper  is  sufficiently  thin. 

Even  substances  which  are  believed  to  be  absolutely  opaque  allow  a 
certain  quantity  of  light  to  pass  through  them  when  they  are  cut  into 
very  thin  plates.  Stones,  wood,  metal,  and  many  other  substances  are 
opaque.  Nevertheless,  if  we  place  between  the  eye  and  a  luminous 
source  a  sheet  of  gold  leaf,  for  instance — gold-beaters  obtain  it  so  thin 
that  10,000  put  together  have  not  the  thickness  of  a  millimetre — we 
see  a  beautiful  green  colour,  which  proves  the  transmission  of  light, 
not  through  holes  produced  during  the  beating,  but  through  the  very 
substance  of  the  metal  itself.  The  extreme  smallness  of  the  objects  of 
which  microscopists  examine  the  internal  structure — infusoria,  micro- 
phytes, &c. — doubtless  explains  their  transparency. 

When  the  light  emitted  by  a  luminous  source  or  an  illuminated 
body  reaches  the  eye,  it  can  only  do  so  by  passing  through  diaphanous 
or  translucent  media.  Let  us  inquire  what  is  the  course  of  its  pro- 
pagation, and  what  effect  is  produced  if  it  meets  in  its  path  with 
bodies  of  greater  or  less  opacity  ?  Such  are  the  simplest  problems  of 
which  philosophers  have  demanded  a  solution  by  experiment  in  study- 
ing the  phenomena  which  are  manifested  under  these  cii-cumstances. 

The  most  simple  case  is  that  in  w^hich  light  traverses  a  perfectly 
transparent  homogeneous  medium ;  that  is,  having  the  same  density 
and  composition  throughout,  and  reaches  the  eye  in  a  direct  manner. 
Experiment  proves  that  it  is  propagated  in  a  right  line.  Between  the 
flame  of  a  candle  and  the  eye,  let  us  interpose  a  series  of  opaque 
screens,  each  pierced  with  a  little  hole :  in  order  to  see  the  light,  it  is 
obvious  that  the  holes  of  all  the  screens  must  be  in  a  straight  line. 
Daylight  cannot  be  seen  through  a  long  tube  if  this  tube  is  not  recti- 
linear, or  at  least  if  its  curvature  is  too  much  to  allow  a  straight  line 
to  pass  through  it  without  toucliing  the  sides.  Shut  yourself  in  a  per- 
fectly close  and  dark  room,  and  admit  the  light  of  the  sun  by  a  little 
hole  made  in  the  shutter.  Almost  immediately  you  will  see  a  lumi- 
nous cone  which  marks  the  passage  of  the  light  through  the  air,  and 
you  will  easily  prove  tliat  the  outlines  of  this  cone  are  perfectly 
rectilinear.  In  this  case,  it  is  not  the  air  itself  that  we  see,  but 
the  particles  of  dust  suspended  in  the  air  made  visible  by  illumina- 
tion on  the  dark  ground  of  the  room. 

Tlie  propagation  of  light  in  a  straight  line  can  also  be  proved  when 
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the  sun,  hidden  by  an  accumulation  of  clouds,  enaits  its  rays  between 
their  openings.    We  tlien  see  projected  into  the  atmosphere,  long  rays 


more  or  less  luminous,  which  visibly  proceed  in  a  right  line.     But  we 
shall  presently  see  that  as  the  atmosphere  is  composed  of  strata  of 


variable  densities,  the  light  which  successively  passes  through  these 
strata  no  longer  moves  in  a  right  line.     On  the  surface  even  of  the 
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earth,  in  order  that  this  movement  be  ex&ctly  in  a  straight  line,  the 
tran.ipftrent  medium  must  be  perfectly  homogeneous,  whether  this 
medium  be  air,  or  gas,  water,  glass,  &c. 

Let  us  now  explain  what  philosophera  mean  by  the  terms  ray, 
beam,  and  pencil  of  rays. 

Light  emanates  or  raiiiiites  from  luminou.s  bodies  in  eveiy 
direction;  and  is  propagated  in  a  right  line,  as  wh  have  just  seen,  ill 
homogeoeoiis  media.  A  luminous  ray  ig  a  series  of  points,  regarded 
Biraultaneously  or  successively,  of  which  one  of  the  lines  followed  by 
the  light  is  composed ;  a  pencil  is  a  collection  of  small  rays  starting 
from  the  same  source,  and  a  beam  or  bundle  of  raya  is  the  union 
of  many  parallel  rays.      Luminous   pencils  are  cones  having  their 
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summits  at  the  soiirce  of  Hglit.  But  when  the  luminous  source  is  very 
distant,  as  in  the  case  of  tlie  sun  and  stars,  the  rays  coming  from  the 
same  point  of  the  source  have  such  a  slight  divergence  that  they 
may  be  conaideied  parallel,  and  we  have  a  beam. 

If  there  were  in  nature  nothing  but  self-luminous  bodies  and 
media  of  absolute  transparency,  we  should  only  see  the  first.  Not 
only  is  the  transparency  of  tlie  various  media  imperfect,  but  a 
multitude  of  bodies  interfere  with  the  passage  of  light,  scatter  it  in 
all  directions,  and  become  illuminated  or,  in  other  words,  visible. 
From  this  result  half-ti^nes  and  shadows. 
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When  tin  opaque  spherical  body  is  in  the  presence  of  a  luminous 
poiiii  and  at  a  certain  distance  from  it,  one  pnrt  of  the  body,  that 
towards  the  light,  is  illuminated,  the  other  does  not  receive  light. 
It  is  in  shadow.  Moreover  those  portions  of  space  situated  beyond 
the  dark  surface  of  the  body  receive  no  light,  as  we  can  easily  prove 
by  placing  a  screen  behind  the  body  and  observing  the  shadow  thrown 
on  the  screen.  The  luminous  point  is,  in  this  case,  the  summit  of  a 
cone  tangent  to  the  outlines  of  the  opaque  body,  a  luminous  cone 
in  its  fore  part  and  dark  in  its  prolongation,  which  is  called  the  cone 
of  shadow.  In  this  case,  which  is  never  perfectly  realized,  the  portion 
of  the  opaque  body  not  iltuminated  ia  totally  invisible  {Fig.  1.52),  and 
the  separating  line  of  the  shadow  and  the  light  ia  exactly  marked. 

When  the  source  of  light  is  a  luminous  bwiy  of  finite  dimensions, 
the  cose  is  otherwise.     Fig.  153  clearly  shows  that  the  surface  of  a 


body  lighted  up  is  divided  into  three  parts:  one  of  which  is  lighted  up 
at  the  same  time  by  the  whole  of  the  luminous  surface ;  another 
which  receives  no  light;  and  a  third, intermediate  between  the  others, 
wliich  receives  only  a  fi-action  of  the  total  light,  and  which  constitutes 
■what  ia  called  the  penumbm.  The  space  situated  behind  the  opaque 
bo<ly,  opposite  the  luminous  source,  is  likewise  divided  into  an  absolute 
cone  of  shadow,  and  a  cone  enveloping  the  first  which  is  the  cone  of 
the  penumbra.  Ileyond  this  double  cone,  the  apace  is  entirety  illumi- 
nated. If  the  luminous  body  is  greater  than  the  opaque  one,  the  cone 
of  shadow  is  liniite<i;  it  is  cylindrical,  if  tin-  two  InMiie.s  ttrv  equal;  and 
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lastly,  we  see  a  divergeat  cone  if  the  opaque  body  is  larger  thaa  the 
illuminating  one  (Fig.  153). 

Tlie  peuumbra  gives  to  the  outUues  of  illumiuated  round  bodies 
tliEit  htilf-tiut  u'liicli  renders  the  contrast  between  lights  and  shades  less 
decided  and  softer.  As  the  cone  of  the  penuiuhra  continues  to  widen 
more  and  more,  it  follows  that  the  full  shadows  cost  by  an  illuminated 
opaqne  body  are  pnler  and  le.=fs  clenr,  n-  it-;  iH-t.uni-'  rrnm  the  screen 
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is  greater,  as  every  one  can  prove  for  himsell,  The  perforated  cards 
which  are  given  as  playthings  to  children  are  an  application  of  the 
elTect  of  the  half-light  produced  by  penumbne.  When  the  card 
is  very  near  the  wall  or  screen  on  which  the  shadow  is  thrown,  this 
shadow  is  well  defined,  and  the  effect  which  the  artist  desired  to  pro- 
duce is  not  obtained ;  at  a  proper  distance,  the  penumbra,  spread  out 
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to  &  greater  extent,  produces  the  wished-for  effect  (Fig.  154) ;  again, 
if  tliia  distance  is  too  great,  the  image  becomes  confused. 

The  propagation  of  light  in  a  right  line  explains  the  phenomena 
observed  in  a  dark  room.  Shut  yourself  up  in  a  room,  the  window  of 
which  is  completely  closed,  a  very  small  holu  being  made  in  a  thin 
pait  of  the  shutter,  and  let  it  be  by  this  hole  alone  that  the  rays  of 
a  luminous  body — the  sun,  for  instance — are  able  to  penetrate  into 
the  room.  Then  place  a  white  screen  at  a  certain  distance  from 
the  opening,  yon  will  see  a  luminous  spot  of  circular  or  elliptical 
form,  which  becomes  larger  as  the  distance  from  the  screen  to  the 
opening  is  increased  (Fig.  150).     It  is  the  image  of  the  sun.    i 

If  instead  of  the  solar  light  we  permit  that  of  a  candle  to  enter  the 
dark  room,  we  see  I'cproduci'd  on  thi;  scrtc'ii  the  image  of  the  candle 


and  its  flame,  Inverted.  The  reason  of  this  inversion  is  very  simple. 
The  rays  which  leave  the  upper  extremity  of  the  flame  pass  through 
the  hole,  continue  thmr  passage  in  a  right  line  in  the  dark  room,  and 
paint  a  luminous  point  at  the  lower  part  of  the  screen.  Those  which 
proceed,  on  the  other  hand,  from  the  base  of  the  flame,  form  their 
mage  at  a  higher  point.     The  image  therefore  is  naturally  reversed, 
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and  tlie  above  explains  both  why  this  image  exists,  and  why  it  has 
this  particular  arrangement,  A  card  pierced  by  means  of  a  needle 
gives  the  reversed  image  of  a  candle  as  shown  in  Fig.  155. 

The  form  of  the  oiiening  is  also  immaterial:  round,  square,  or 
triangular,  it  always  gives  the  image  of  the  light-aource  with  its 
exact  form.  I.et  us  suppose  the  opening  to  be  of  triangular  form  ;  and 
allow  the  rays  of  the  sun  to  penetrate  it,  receiving  them  on  n  screen 


placed  normally  to  their  direction.  Each  point  of  the  disc  will  give 
a  pencil  of  light  which,  penetrating  through  the  hole,  will  mark  out 
on  the  screen  a  section  of  like  form  to  the  ojieuiiig,  that  is,  triangular. 
All  these  elementa  will  be  superposed ;  and  as  there  is  no  part  of 
the  shape  of  tlic  disc  which  is  not  given,  it  folhiws  that  the  fmiii 
of  the  image  will  1*  circular,  like  that  of  the  sun. 
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TliU  explains  why,  in  tlie  shadow  projectetl  by  a  troe,  tlie  light 
which  penetrates  tlie  inteistices  betuecu  the  leaves  always  has  a 
circular  or  elliptical  form,  according  as  the  rays  fall  on  the  ground 
perpendicularly  or  ol)li<[UcIy  (Fig.  15(3).  During  eclipses  of  the  sun, 
it  has  been  observed  that  these  images  of  the  lamiuary  take  the  forin 
of  a  luminous  crescent,  much  moi«  curved  than  the  solar  disc  itself. 

If  the  shutter  of  the  dark  room  is  opposite  a  landscape  illuminated 
by  the  min,  nr  even  by  the  difl'asetl  light  given  by  a  clear  sky,  each 
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object  will  paint  its  rGverscd  image  on  the  screen,  and  a  fnithful 
reproduction  of  the  Innilscape  will  be  seen  (Fig.  l')7).  If  the  screen  is 
perfectly  white,  all  the  colours  and  their  shades  will  be  admirably 
reprwiuced ;  but  the  ininge  will  be  clearer  in  proijortion  as  the 
opening  is  smaller  ami  the  landscape  more  dii^tant 

By  saying  that  li^ht  is  prnpiigatt-d,  we  admit  iiiipli'itly  that  it 
is  not  transmitted  insttantaneniwly  from  one  objfit  to  iitiotlicr;  that 
it  takes  a  cnrtain  limo  to  traverse  the  di^tanre  which  Ki']iari!lcs  the 
luminous  object  from  tlu^  eye  which  it  piilci-s,  or  fnim  the  object 
which  it  illuminates.     This  truth  had  been  suspected  for  some  time 
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by  philosophers  and  savants,  but  the  demonstration  of  it  was  only 
famished  about  two  centuries  ago.  The  velocity  of  light  is  so  great 
that  it  appeared  at  first  infinite,  at  least  for  distances  which  could 
be  measured  on  the  surface  of  the  earth.  In  one  second,  light  passes 
through  a  space  of  not  less  than  300,000  kilometres,  or  186,000  miles. 
It  does  not  take  more  than  a  second  to  come  from  the  moon  (approxi- 
mately); but  it  takes  8  minutes  13  seconds  to  come  from  the  sun :  a 
very  rapid  voyage,  nevertheless,  when  we  bear  in  mind  that  a  cannon- 
ball  would  take  nearly  twelve  years  to  accomplish  it,  supposing  that 
it  preserved  a  uniform  velocity  of  500  metres  per  second.  Again,  the 
velocity  of  light  is  900,000  times  greater  than  that  of  sound  through 
air  at  0**C.,  and  it  moves  10,000  times  faster  than  our  planet  in 
its  orbit. 

How,  then,  have  physicists  succeeded  in  measuring  such  a  mpid 
movement?    We  will  endeavour  to  explain. 

Let  us  imagine  that  a  flash  of  light — for  example,  the  ignition 
of  a  heap  of  gunpowder — is  produced  periodically  at  perfectly  equal 
intervals  of  time,  say  every  ten  minutes.  Whatever  may  be  the 
distance  of  the  observer  from  the  place  where  the  phenomenon 
takes  place,  it  is  evident  that,  from  the  first  explosion,  all  the  othei*s 
will  appear  to  succeed  each  other  at  successive  intervals  of  ten 
minutes,  whether  the  velocity  of  light  be  small,  considerable,  or 
infinite,  provided  that  the  observer  remains  at  a  fixed  distance  from 
the  point  where  the  explosion  occuis. 

But  if,  from  the  instant  of  the  first  explosion,  the  observer  goes 
further  away,  it  is  clear  that  he  will  perceive  a  delay  at  each  of  the 
following  explosions,  a  delay  which  will  go  on  increasing  and  will 
be  due  to  the  time  that  the  light  takes  to  traverse  the  increase  of 
distance ;  for  instance,  at  the  twelfth  explosion,  if  he  is  20  kilometres 
further  off  and  the  delay  noticed  is  two  seconds,  must  he  not  conclude 
that  light  travels  10  kilometres  per  second  ?  The  same  inference  may 
be  drawn  from  an  analogous  experiment ;  if,  for  example,  instead  of 
a  luminous  flash,  it  was  the  periodical  disappearance  of  a  light 
which  was  observed. 

Now  a  phenomenon  of  this  latter  kind  t^ikes  i)lace  in  the  heavens. 
The  planet  Jupiter  is  accompanied  in  its  movement  of  translation 
ix)und  the  sun  by  four  satellites  which  revolve  roimd  it  in  regular 
periods.   The  planes  in  w^hich  the  movements  of  these  little  bodies  take 
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place  coincide,  very  nearly,  with  the  plane  of  Jupiter's  orbit  Now, 
Jupiter,  being  oprnjue,  projects  behind  it,  that  is  to  say  in  the  direction 
from  the  sun,  a  cone  of  shadow,  the  axis  of  which  is  in  the  plane  of  its 
orbit.     It  therefore  follows  that,  in  their  successive  revolutions  round 
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the  central  planet,  the  sateliites  traverse  this  cone  at  tlie  period  of 
their  opposition.  During  the  time  of  their  passage  through  the 
shadow,  the  light  which  these  bodies  receive  from  the  eun  is  inter- 
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cepted;  in  a  word,  they  are  eclipsed.  The  eclipses  of  Jupiter's 
satellites  are  very  frequent,  especially  of  those  which  are  nearest  the 
planet ;  and,  from  the  earth,  it  is  easy  to  observe  their  emersions  and 
immersions  by  using  a  telescope  of  medium  power.  When  the  satel- 
lite drawn  by  its  movement  of  revolution  round  the  planet  has  just 
penetrated  the  cone  of  shadow,  its  light  is  extinguished:  this  is 
the  immersion.  It  continues  its  course  in  the  shadow  until  the 
moment  when,  coming  out  of  the  cone,  its  light  reappears :  this  is 
the  emersion*  These  two  phenomena  are  not  visible  from  the  earth 
during  the  same  eclipse,  in  the  case  of  the  two  satellites  nearest  to 
Jupiter,  because  these  satellites  are  hidden  by  the  opaque  body  of  the 
planet,  sometimes  at  the  moment  of  their  immersion  and  sometimes 
at  that  of  their  emersion*  Moreover,  they  cannot  be  observed  in 
any  way  at  the  period  of  conjunction  or  opposition,  the  cone  of 
shadow  being  entirely  hidden  by  the  disc  of  the  planet,  as  is  easily 
explained  by  Fig.  158.  It  is  also  easy  to  see  why  the  immersions 
are  visible  to  us  from  the  period  of  conjimction  to  the  following 
opposition,  whilst  the  emersions,  on  the  contrary,  are  visible  from 
opposition  to  conjunction. 

Jupiter  moves  in  the  same  direction  as  the  earth,  but  much  more 
slowly  in  his  orbit  When  the  earth  is  at  T  and  Jupiter  is  at  J  on  the 
prolongation  of  the  radius  vector  t  s,  this  is  the  period  of  conjunction. 
From  this  instant,  the  earth  describing  a  certain  arc  on  its  orbit,  and 
Jupiter  an  arc  of  less  amplitude  on  his,  the  observer  finds  himself 
carried  to  the  right  of  Jupiter's  cone  of  shadow,  and  from  that  time 
he  can  see  the  immersions  of  the  satellites.  The  same  circumstances 
take  place  until  the  time  when,  the  earth  being  at  t',  Jupiter  is  at  f, 
also  on  the  prolongation  of  the  radius,  but  away  from  the  sun ;  that 
is  to  say,  until  the  opposition.  Then,  by  the  fact  of  the  simultaneous 
movements  of  the  earth  and  Jupiter,  the  first  of  these  planets  is  car- 
ried to  the  left  of  the  cone  of  shade  projected  by  the  second,  and  the 
emersions  of  the  satellites  are  visible  until  the  new  conjunction  if,  f. 

These  preliminaries  being  understood,  we  can  easily  explain  how 
astronomers  are  able  to  deduce  the  velocity  of  light  from  observation 
of  the  eclipses  of  which  we  have  just  spoken. 

Let  us  take,  for  instance,  the  first  satellite  of  Jupiter,  that  is  to  say 
the  one  nearest  the  planet.  Its  movement  of  revolution  is  known  with 
such  precision  that  it  is  possible  to  calculate  the  intervals  of  its 
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eclipses  with  the  greatest  accuracy,  or  rather  the  inten-als  which 
separate  either  two  consecutive  immersions  or  two  emersions.  Now, 
observation  proves  that  the  duration  of  these  inter\'als  is  not  con- 
stant ;  that  they  appear  to  be  shortened  in  proportion  as  the  earth  gets 
nearer  to  Jupiter,  and  on  the  other  hand  to  be  increased  as  it  passes 
farther  away,  whilst  they  are  perceptibly  equal  at  the  two  periods 
when  the  distance  from  the  earth  to  Jupiter  varies  but  little,  that  is  to 
say  at  conjunction  and  opposition.  If  then  we  calculate  the  period 
of  a  future  immersion  according  to  the  mean  duration  of  the  intervals 
separating  two  successive  immeraions,  and  compare  the  result  of 
the  calculation  with  tliat  given  by  observation,  it  will  be  found  that 
the  phenomenon  appears  to  be  delayed  when  the  earth  is  distant  from 
Jupiter,  and  to  advance,  on  the  contrary,  when  it  is  near  to  it.  More- 
over, the  delay  or  advance  is  always  in  exact  proportion  to  the 
increase  or  decrease  in  the  distance  between  the  two  planets. 

It  is  no  longer  doubtful  that  the  difference  between  the  result 
c»f  calculation  and  observation  is  really  due  to  the  time  which  the 
light  takes  to  traverse  the  unequal  distances  which  we  have  just 
mentioned*  From  conjunction  to  opposition,  or  from  opposition  to 
conjunction,  it  has  lieen  found  that  the  successive  accumulations  of 
these  differences  produce  a  total  advance  or  delay  of  about  16  minutes 
30  seconds.  Now,  the  distances  T  J,  T*  J^  exceed  the  distance  t'  f  by 
an  amount  of  space  which  is  precisely  the  diameter  of  the  terrestrial 
orbit  It  requires,  then,  16  minutes  30  seconds  for  light  to  travel 
across  this  interval,  or,  in  other  words,  8  minutes  15  seconds  for  the 
half,  which  is  the  distance  from  the  Sun  to  the  Earth ;  nearly  equal 
to  146,000,000  kilometres  (91,000,000  miles). 

This  gives,  as  we  have  before  said,  a  velocity  of  300,000  kilo- 
metres, or  of  186,000  miles  per  second. 

The  discovery  of  the  velocity  of  light  by  the  eclipses  of  Jupiter's 
satellites  is  due  to  Roemer,  a  Danish  astronomer,  who  explained  it  in 
a  memoir  presented  to  the  Academic  des  Sciences  in  1675.  Since 
the  time  of  Roemer,  the  discovery  of  aberration  by  Bradley  at  once 
continued  both  the  moment  of  translation  of  the  earth,  and  the  suc- 
cessive j)ropagation  of  li^ht  in  space.  We  see  that  the  exactness  of 
the  number  which  mejisures  the  velocity  of  light  depends  here  on  the 
knowledge  of  the  sun's  distance.  The  same  thing  happens  when  this 
velocity  is  deduced  fi*om  abenation.     But  in  the  first  case,  it  is  the 
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velocity  in  the  vacuum  of  celestial  space ;  whilst  in  the  wcond  case, 
it  is  that  of  light  passing  through  the  air.  The  two  methods  have 
given  nearly  the  same  results. 

Lastly,  during  the  last  few  years,  two  mvants,  MM.  Fizeau  and 
Foucaalt,  have  succeeded  in  directly  measiiriug  the  velocity  of  light 
by  purely  physical  means.  The  following  are  the  main  points  of 
the  method  devised  by  M,  Fizeao. 

By  means  of  an  instrument  represented  in  Fig.  159  he  sent  a  pencil 
of  luminous  rays  from  a  lamp,  from  Suresnea — where  he  was  stationed 
— to  Montmartre,  where  a  mirror  whs  placed,  reflecting  the  light  back 
again  exactly  to  the  point  of  departure.     The  light  of  the  lamp  at  first 


fell,  after  having  traversed  a  system  of  two  lenses,  on  a  mirror  m, 
formed  of  a  piece  of  uusilvered  glssa,  inclined  at  45°  in  the  direction 
of  the  luminous  rays.  From  this  it  was  reflected  at  a  right  angle, 
and,  after  its  passage  through  tlie  oliject-glass  of  a  telescope  which 
made  the  rays  of  light  parallel,  it  passed  through  the  distance  which 
separated  the  two  stations.  Having  arrived  at  Montmartre,  the 
parallel  bundle  of  rays  traversed  the  second  object-glass  and  con- 
centrated itself  on  a  mirror  which  sent  it  back,  following  the  same 
route,  to  the  fii-st  inclined  mirror.  There  the  reflected  pencil  passing 
through  the  uusilvered  glass,  could  be  examined  by  the  observer 
by  means  of  rtn  eye-piece.  By  this  arrangement  Kf.  Fizeau  was 
able  to  observe  at  Suresnea  the  image  of  the  light  placed  near  him. 
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after  the  rays  bad  made  the  double  journey  which  eeparates  Suresoes 
trom  Montmartre. 

The  question  was,  to  determioe  the  time  which  light  took  to 
traverse  this  distance.  In  order  to  ascertain  this,  M.  Fizeaa  placed 
in  the  path  of  the  rays  a  little  in  front  of  the  mirror  u  and  at  the 
point  where  the  rays,  which  emanated  from  the  lamp,  were  brought  to 
focus,  the  teeth  of  a  wheel  R,  to  which  a  clock-work  mechanism  gave 
a  very  rapid  and  uniform  movement. 

Every  time  that  the  movement  of  the  wheel  brought  a  tooth  in  the 
path  of  the  pencil  of  light,  this  tooth  served  as  a  screen,  the  light  was 
intercepted;  whilst  it  freely  passed  through  the  space  which  separated 
one  tooth  from  another.   It  was  exactly  as  if  a  screen  were  alternately 
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placed  before  and  removed  from  the  path  of  the  light  Let  as  suppose 
that,  at  the  commencement  of  rotation,  the  wheel,  at  preseut  at 
rest,  presented  one  of  ita  openings  to  the  passive  of  the  light :  the 
image  reflected  from  the  luminous  point  is  seen  clearly  by  the 
observer.  If  now  the  wheel  is  turned,  but  with  such  a  velocity  that 
each  tooth  requires  to  take  the  place  of  the  space  which  precedes  it  a 
longer  time  than  that  required  by  the  light  to  go  to  Montmartre  and 
return  to  Suresnes, — what  will  happen  ?  The  luminous  ray  at  its 
return  will  obviously  again  find  fi'ee  passive  through  the  very  apace 
which  it  traversed  at  the  moment  of  departure :  the  luminous  point  will 
be  visible ;  but,  in  proportion  as  the  velocity  of  rotation  increasa'^,  the 
intensity  of  the  light  will  dimiiiisli,  l>ccaUHe  of  all  the  Iuminou.s  rays 
which  pass  through  each  of  the  inlen-als,  there  ia  an  increasing  numlwr 
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which,  on  their  return,  will  find  the  pa«(sage  closed  If,  at  last,  the 
velocity  of  the  wheel  is  such  that  the  time  taken  by  one  tooth  to  take 
the  place  of  the  space  which  precedes  it,  is  precisely  equal  to  that 
which  the  light  takes  to  traverse  the  double  distance  between  the  two 
stations,  there  is  not  a  single  luminous  ray  passing  through  the  wheel 
at  leaving,  which  does  not,  on  its  return,  find  the  passage  closed ; 
there  will  be  a  continual  eclipse  of  the  luminous  point,  as  long  as 
the  velocity  of  which  we  speak  remains  the  same. 

This  is  sufficient  for  the  purpose  because  an  index  fitted  to  the  wheel 
indicates  the  number  of  revolutions  which  it  makes  per  second ;  and 
the  number  of  teeth  and  of  spaces  is  known :  the  time  which  a  tooth 
requires  to  take  the  place  of  a  space  is  then  known,  and  it  will  be 
seen  that  it  is  exactly  equal  to  that  which  the  light  takes  to  travel 
twice  the  8,633  metres  which  separate  the  two  stations.  .  M.  Fizeau 
thus  found  that  light  travelled  196,000  miles  (315,000  kilometres) 
a  second ;  a  result  agreeing  with  that  furnished  by  the  observation 
of  Jupiter's  satellites,  when  the  distance  of  the  sun  deduced  from 
the  ancient  parallax  of  that  body  was  adopted. 

Some  time  after  M.  Fizeau's  experiment,  in  May  and  June  1850, 
some  instruments,  based  on  the  principle  of  rotating  mirrors  adopted 
by  Mr.  Wheatstoue  in  measuring  the  velocity  of  electricity,  have 
enabled  it  to  be  shown  that  light  moves  with  greater  rapidity  through 
air  than  through  water,  and  the  relations  of  the  two  velocities  to  be 
determined.  MM.  Ldon  Foucault  and  Fizeau  have  each  succeeded 
in  attaining  the  same  result.  Lastly,  in  1862,  the  first  of  these  experi- 
menters, modifying  his  first  apparatus,  went  still  further ;  he  succeeded 
in  measuring  the  time  which  light  takes  to  travel  the  little  distance 
of  20  metres,  a  time  which  is  equal  to  the  hundred  and  fifty  millionth 
part  of  a  second.  According  to  later  experiments  of  M.  Foucault, 
the  velocity  of  light  through  space  is  298,000  kilometres  a  second, 
a  little  less  than  that  obtained  by  M.  Fizeau,  but  which  agrees  with 
that  deduced  from  observations  of  the  eclipses  of  Jupiter's  satellites, 
adopting  the  new  parallax  of  the  sun. 
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CHAPTER  III. 

PHOTOMETRY. — MEASURING  THE  INTENSITY  OP  LIGHT  SOURCES. 

Luminous  intensity  of  light  souroes,  illuminating  power — Principles  of  photometry 
— Law  of  distances — Law  of  cosines — Rumford's  photometer — Bouguer's  photo- 
meter— Determination  of  the  illuminating  power  of  the  Sun  and  the  full  Moon 
— Stellar  photometer. 
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E  all  know,  by  everyday  experiment,  that  the  illuminating 
power  of  a  light  varies  according  to  the  distance  at  which 
the  object  illuminated  is  placed  from  the  source  of  light.  When  we 
read  in  the  evening  by  lamp  or  candlelight,  we  can  also  observe  that, 
without  changing  the  distance  we  are  from  the  light,  it  is  possible, 
by  inclining  the  pages  of  our  book  in  a  certain  way,  to  obtain  various 
degrees  of  illumination.  Lastly,  if  instead  of  one  light  we  place 
many  at  the  same  distance,  or,  again,  instead  of  a  small  lamp  we 
substitute  a  very  large  one  with  a  wide  wick,  it  will  be  evident  to  us 
that  the  illumination  will  be  augmented  in  a  certain  proportion. 

The  illuminating  power  also  varies  with  the  nature  of  the  lumi- 
nous source,  other  things  being  equal.  The  flame  of  a  gas-jet  appeai-s 
to  us  much  more  brilliant  than  that  which  is  given  by  an  oil  lamp ; 
the  light  of  the  moon  is  infinitely  less  bright  than  that  of  the 
sun,  although  the  discs  of  the  two  bodies  have  nearly  the  same 
apparent  size. 

When  the  intensity  of  the  source  of  light  is  sought  for,  certain 
circumstances  must  be  taken  into  account ;  some  being  inherent  in 
the  light  sources  themselves,  others  peculiar  to  the  object  illuminated, 
such  as  distance,  inclination,  &c.  The  problems  relative  to  determi- 
nations of  this  nature  constitute  the  branch  of  optics  called  pho- 
tometry, from  two  Greek  words  which  signify — the  first,  light;  the 
second,  to  measure. 
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Nothing  is  more  delicate  or  difficult  than  the  measurement  of  lumi- 
nous intensities.  In  spite  of  all  progress  realized  in  the  science  of 
optics,  there  are  yet  no  instruments  which  give  this  measure  with  an 
exactness  comparable  to  other  physical  processes.  The  barometer 
and  thermometer  respectively  give  us  with  extreme  sensibility  the 
pressure  of  the  atmosphere  and  the  temperature ;  the  relative  pitch  of 
two  sounds  can  be  distinguished  with  great  delicacy.  Photometry  is 
in  a  less  advanced  condition,  and  the  comparison  of  the  intensity  of 
two  lights  yet  leaves  much  to  desire.  This  arises  from  the  fact  that 
we  have  no  other  criterion  in  this  case  than  the  organ  by  the  aid  of 
which  we  perceive  the  lights  to  be  compared.  The  sensation  of  sight 
is  the  only  judge,  and,  in  spite  of  its  extreme  sensibility,  the  eye 
is  but  slightly  fitted  to  determine  the  numerical  relations  of  two  or 
more  lights,  which  are  before  it  either  simultaneously  or  successively. 

Even  when  it  has  to  judge  of  the  equality  of  two  light  sources, 
the  difficulty  is  great  If  the  observations  are  not  simultaneous,  the 
comparison  will  be  the  more  difficult  according  to  the  interval  of 
time  which  elapses  between  them.  We  must  first  arrange,  therefore, — 
and  that  is  not  always  possible, — that  the  two  lights  be  observed 
together.^ 

Very  frequently  the  brightness  of  the  sources  of  light  dazzles  the 
eye,  and  renders  it  incapable  of  judging  with  the  least  precision; 
and  this  is  the  reason  why  physicists,  instead  of  comparing  the 
sources  of  light  themselves,  observe  similar  surfaces  illuminated  by 
these  sources  under  similar  conditions  of  inclination  and  distanca 
Again,  the  diversity  of  the  colours  of  lights  is  a  cause  of  uncertainty 

*  ''  In  this  manner  the  judgment  of  the  eye  is  as  little  to  be  depended  on,  as  a 
measure  of  lij^ht,  as  that  of  the  hand  would  be  for  the  weight  of  a  body  casually 
presented.  This  uncertainty,  too,  is  increased  by  the  nature  of  the  organ  itself, 
which  is  in  a  continual  state  of  fluctuation  ;  the  opening  of  the  pupil,  which  admits 
the  light,  being  continually  expanding  and  contracting  by  the  stimulus  of  the  light 
itself,  and  the  sensibility  of  the  nerves  which  feel  the  impression  varying  at  every 
instant.  Let  any  one  call  to  mind  the  blinding  and  overpowering  effect  of  a  flash  of 
lightning  in  a  dark  night  compared  with  the  sensation  an  equally  vivid  flash  pro- 
duces in  fiill  daylight.  In  the  one  case  the  eye  is  painfully  affected,  and  the  violent 
agitation  into  which  the  nerves  of  the  retina  are  thrown,  is  sensible  for  many  seconds 
afterwards  in  a  series  of  imaginary  alternations  of  light  and  darkness.  By  day  no 
such  effect  is  produced,  and  we  trace  the  course  of  the  flash  and  the  zigzags  of  its 
motion  with  perfect  distinctness  and  tranquillity,  and  without  any  of  those  ideas  of 
overpowering  intensity  which  previous  and  total  darkness  attach  to  it." — Sir  John 
Hkrhciirl. 
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which  cannot  be  obviated.  "  Between  two  differently  coloured 
lights,"  says  Sir  J.  Herschel,  "no  parallel  susceptible  of  precision 
can  be  drawn ;  and  the  uncertainty  of  our  judgment  is  greater  as 
this  difference  of  coloration  is  more  considerable." 

In  spite  of  these  difficulties  there  have  been  established,  either 
by  reasoning  or  by  experiment,  a  certain  number  of  principles  which 
have  suggested  the  invention  of  various  photometrical  instruments, 
some  of  which  we  will  now  describe.  In  the  present  day,  when 
pubUc  and  private  gas-lighting  has  become  veiy  general,  and  the 
want  has  been  felt  of  facilitating  navigation  on  our  coasts  by 
establishing  numerous  lighthouses,  photometers  have  become  instru- 
ments of  which  the  practical  utility  is  equal  to  the  interest  of  the 
purely  scientific  problems  for  which  they  have  been  invented.  But 
it  is  not  less  certain  that  the  first  processes  invented  for  the  com- 
parison of  the  sources  of  light  are  due  to  savants  who  by  no  means 
thought  of  the  question  of  practical  utility.  In  the  seventeenth 
century  Auzout  and  Huyghens,  in  the  following  century  Andr^  Cel- 
sius, Bouguer,  and  Wollaston,  kept  in  view  the  interesting,  although 
purely  speculative,  question  of  the  relative  brightness  of  the  light 
of  stars.  They  endeavoured  to  determine  the  intensity  of  the  sun's 
light  compared  with  that  of  the  moon  or  the  brightest  stars. 

The  first  principle  which  they  enunciated  was  the  following: — 
When  the  distance  from  a  luminous  point  to  the  object  illuminated 
varies,  the  intensity  of  the  light  received  varies  in  the  inverse 
ratio  of  the  square  of  the  distance.  And,  indeed,  the  light  radiates 
from  the  luminous  point  in  every  direction  with  equal  force; 
but  these  rays  divei^ge  as  the  distance  increases.  If  they  are 
received  on  the  surface  of  a  sphere  of  a  definite  radius,  they  will 
produce  on  one  element  m  of  this  sphere  an  iliumination  of  a 
determined  intensity ;  if,  continuing  their  path,  they  are  received 
upon  a  sphere  of  double  radius,  the  same  rays  which  are  spread  on 
the  surface  m  will  be  on  the  surface  m  of  the  new  sphere.  Now, 
geometry  teaches  us  that  m  possesses  four  times  the  surface  of  m, 
and,  inasmuch  as  the  same  quantity  of  light  is  spread  over  a  surface 
four  times  greater,  it  may  be  concluded  that  its  intensity  is  four 
times  less.  At  triple  the  distance,  the  intensity  is  nine  times  less : 
in  a  won!,  the  intensity  of  light  diminishes  as  the  square  of  the 
distance  increases.     This  has  been  confirmed  by  experiment,  as  we 
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slialt  presently  see.  This  law  holds  good  only  if  we  abstract  the 
absorption  of  Uiminoiis  rays  by  the  media  in  which  they  move.  It  is 
also  applied  to  the  case  in  which  the  source  of  light  is  no  longer  a 
simple  luminous  point,  but  presents  an  apparent  appreciable  surface, 
})rovided  that  it  be  distant  enough  from  the  illuminated  object  to 
allow  the  latter  to  be  regarded  as  equidistant  from  all  parts  of  the 
source.  It  follows  from  this  first  principle  of  photometry,  that  if  we 
present  to  the  light  of  a  candle,  for  instance,  a  piece  of  white  paper, 
and  remove  it  further  and  further  away  to  distances  2,  3,  4  times 


greater,  the  brightness  will  become  nearly  4,  9,  16  times  less.  It  is 
necessary  that  the  paper  be  always  placed  jierpendicularly  to  the 
direction  of  the  luminous  rays. 

If,  without  changing  the  distance,  the  paper  is  inclined  in  one 
direction,  it  is  evident  that  the  brightness  will  diminish,  since  the 
same  surface  will  now  intercept  a  less  numl)er  of  rays.  The  quantity 
of  liglit  received  then  varies  according  to  a  law  which  is  called  the 
law  of  cosines,  liecause  it  is  proportional  to  the  cosines  of  the  angles 
which  the  luminous  rays  make  with  the  perpendicular  to  the  illumi- 
nated surface. 

Tlie  foregoing  remarks  refer  only  to  the  illuminating  power  of  the 
source  of  light,  not  to  its  intrinsic  brightness.  If  this  intrinsic  bright- 
ness does  not  vary,  it  is  clear  that  the  illuminating  power  will  he 
greater  as  the  surface  of  the  source  itself  is  greater;  so  also  in  the 
case  where  the  intrinsic  brightness  is  increased,  the  illuminating 
power  is  increased  in  the  same  prcii)oi-tion. 
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()ii«  inference  from  the  preceding  principles  is,  tliat  a  light  source 
)N)HHeHHOs  tilt;  same  apparent  intrinsic  brightness,  whatever  may  be 
i(H  distance  from  the  eye;  for,  although  the  quantity  of  light  which 
penetrat4»H  the  oi)ening  of  our  pupil  diminishes  in  the  inverse  ratio  of 
the  S([uare  of  tlie  distance,  still,  as  it  emanates  from  a  luminous 
Hurfa(M»,  \\\i\  appannit  diameter  of  which  appears  smaller  and  smaller, 
and  whicli  decreases  in  tlie  direct  ratio  of  the  square  of  this  same 
distance,  there  is  exact  com^HBUsation,  and  the  brightness  of  the 
Houi-ce  remains  the  same  at  each  point.  This  is  why  the  light  of 
the  planets,  such  as  Venus,  Mars,  and  Juj»iter,  appears  to  us  always 
(M|ually  briglit  when  we  see  them  at  the  same  height  above  the 
liorizon,  if  the  purity  of  the  atmosphere  is  the  same,  although  their 
distance's  from  the  earth  arc  variable.  The  sun  is  seen  from  the 
(lilferent  ]»1anets  as  a  disc,  the  apparent  surface  of  which  varies  from 
iibout  I  to  7,000 :  the  quantity  of  light  that  each  of  these  bodies 
receives  varies  in  the  same  proportion  ;  but  the  intrinsic  brightness  of 
tli(»  dis(!  is  the  same  at  Mercury  as  at  Neptune  ;  if  we  suppose  that 
th(t  ceh'stial  simces  do  not  absorb  light,  and  that  it  is  subjected 
to  the  same  degree  c»f  extinction  in  its  passage  through  the  atmo- 
Hplieivs  of  the  two  planets. 

We,  all  know  that  if  we  look  at  a  red-hot  ball  in  the  dark,  the 
spherical  form  is  no  longer  perceptible  to  the  eye,  and  it  appeal's  like 
a  Hat  disc,  every  portion  of  which  shows  the  same  luminous  intensity. 
If,  instead  of  a  s|)herical  ball,  a  prismatic  bar  of  iron  or  polished 
Hilver  is  bnnighi  to  incandescence,  an  analogous  phenomenon  will 
pi*(ment.  itself.  Whatever  may  be  the  position  of  the  bar,  its  edges 
will  not  be  visible,  the  brightness  will  be  the  same  ever}'where,  <>n 
tlu^  siiles  i)resent^»d  ]H»rpendicularly  to  the  eye  as  on  those  which  are 
more  or  h»s8  inclined  ;  in  a  wortl,  the  obser\'er  will  l)elieve  that  he 
is  looking  at  an  entiivly  plane  surface.  I^et  the  bar  ])e  causeil  to 
revolve,  anil  the  movement  will  only  l)e  noticed  by  the  apparent 
variation  (»f  width  «»f  tht»  luminous  band.  The  conclusion  to  be 
•lc»rived  fnMU  these  ex]>eriments  is,  that  the  quantity  of  light  emitted 
by  a  solid  incandescent  l)ody  in  a  ilefinite  dii-ection  depends  on  the 
inclination  of  its  surface  to  the  dii-ection  of  the  luminous  ravs. 
Indetnl,  if  two  units  of  surface,  one  on  the  side  of  the  metallic  bar 
which  fnnits  the  observers  eye.  the  other  on  an  inclined  side,  should 
emit  in  that  dircctii>n  the  Siune  quantity  of  lij^lit,  it  is  quite  evident 
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that  tlie  inclined  side  would  appear  to  have  the  greatest  brightness, 
since  the  same  number  of  rays  would  be  spread  over  an  area  the 
apparent  size  of  which  is  less.  The  sun  ia  a  Itiuiinotis  sphere ;  but 
its  aspect  is  that  of  a  disc,  the  intriosic  brightness  of  which  is  not 
greater  at  the  border  than  at  the  centre,'  which  confirms  the  law  we 
have  just  annouucfld,  wliich  is  called  the  law  of  the  cosines,  because 
the  quantity  of  light  emitted  by  equal  surface  areas  of  a  light  source 
varies  as  the  cosines  of  the  angles  which  the  rays  make  with  a 
normal  to  the  surface.  These  are  the  jirinciples  upon  which  the 
measurement  either  of  the  illuminating  power  or  the  intrinsic  bright- 
ness of  sources  of  light  depend. 

We  will  now  describe  the  iustrumeuts  called  pkotovielfrn,  which 
are  used  to  measure  these  intensities.     Rumford's  photometer  is  repre- 


sented in  Kig.  Ifi2.  It  is  based  on  tlie  fact,  that  if  sliadows  thrown 
on  the  same  screen  by  an  opaque  body  illuminated  by  two  diHcn'Ut 
lights  have  the  same  intensity,  the  illuminating  iwwera  of  the 
two   lights    are   equal,  if  they  are   at   the  same  distance  from  the 

'  It  U  DOW  pmved  tlint  Ihe  cculnil  parts  of  tli«  Rolnr  i^inc  ore  the  most  Umiinous. 
piintmry  to  w)iat  would  be  the  cai^e  if  there  itere  an  eqiwl  emiHsion  of  light  over  the 
whiile  surfnce.  Aittrunonien,  however,  have  shown  tb&t  ibis  upprar&nce  is  <lue  to 
HH  obtiorbiiii;  atmosphere  of  gniall  heijcht,  so  thut  mure  light  is  abaoibed  at  the 
lioHeni  than  Ht  the  ocntrp. 

It  2 
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Sertoli,  ur  are  iii  the  invene  ratio  of  tbe  !M|iian:s  of  tbese  distaaces, 
if  tlit-y  are  al  uiiMiual  distances.  Let  us  suppose  that  we  wisli  to 
coui|tare  tlie  illuinitiatiiig  jiowens  of  a  jet  of  gas  and  an  oidiuaTT 
caudle.  A  black  cvlindiicai  rod  is  placed  vertically  ia  front  of  a 
screen  of  wliite  pa{M:r,  and  tbe  two  ligbts  are  arranged  so  tbat  the 
shadows  of  tbe  rod  will  botb  be  projected  on  the  paper,  nearly  in 
contact.  Then  we  gradually  move  tbe  light  which  gives  the  most 
inteniie  shadow,  until  the  eye  can  no  longer  distinguish  any  differenc-e 
between  the  intensities  of  tbe  ubadows.  To  judge  better  of  tbe 
e(|uality  of  tbe  shadows,  we  look  at  the  scrt^n  on  the  aide  which 
in  not  directly  illiimiuate<l  by  the  caudle  and  tbe  tlame  of  tbe  gas. 
At  this  moment,  tbe  luminous  parts  of  tbe  screen  receive  the  rays 
of  both  lights  at  once,  wliiUt  each  shadow  is  only  lighted  by  oue 
of  tbeiii :  the  equality  of  their  tints  tlieii  indicates  the  equality  of 
the  illuuinatiug  powers  of  each  separate  source.  The  illuminating 
powers  of  the  two  lights  are  then,  accordiug  to  tbe  first  principle,  in 
the  inverse  ratio  of  tbe  s<|uares  of  their  distances  from  tbe  screen. 


llimgmtr'H  pbutometcr  (represented  in  Fig.  103)  is  based  on  tlie 
equality  of  brightness  of  two  jxirtions  of  a  surface  separately  illuini- 
»aU;<i  liy  i:iirb  of  tlie  light  soiiices. 

All  opiuini;  JiLrecu  prevents  tbe  light  of  each  soiii-ce  from  reaching 
that  part  of  tbe  siirfiice  wbii.b  is  ilhiminatcd  liy  the  other.  This 
suifiui-  fiinncrly  cuiiMisted  nf  a  piece  of  oiled  y-\\\kv,  or  ground  glass. 
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yi.  Ij<*on  Foucault  uses  in  preference  a  plate  of  very  homogeneous 
jjorcelain,  sufficiently  thin  to  be  translucent.  The  two  illuminated 
jjortions  are  separated  by  a  narrow  line  of  shadow  projected  through 
the  screen,  and  the  eye  placed  behind  judges  easily  of  the  moment 
when  the  illumination  is  e([ual.  This  equality  once  obtained,  the 
intensities  of  the  lights  ai-e  deduced  from  tlieir  respective  distances 
from  the  plate  of  porcelain.  We  will  confine  ourselves  to  the 
description  of  these  two  kinds  of  photometers,  Ijoth  of  which  serve 
to  prove  the  law  of  the  square  of  distances.  The  verification  is  very 
simple :  it  is  sufficient  to  put  on  the  one  side  one  candle :  it  will 
then  be  found  that  there  must  be  placed  four  at  double  the  distance, 
nine  at  triple  the  distance,  to  obtain  either  equally  dark  shadows 
OA  the  screen,  or  equal  illumination  in  both  portions  of  the  sheet  of 
porcelain.  Tiie  following  are  some  of  the  results  obtained  by  the 
instruments : — 

If  we  use  two  equal  lights,  two  candles,  for  instance,  and  if  we 
place  one  of  them  at  a  distance  eight  times  further  from  the  screen 
than  the  other,  it  will  be  found  that  the  shadow  of  the  first  dis- 
appears. At  this  distance  the  intensity  of  its  light  is  sixty-four 
times  less  than  tiie  other.  Bouguer,  to  whom  we  owe  this  experi- 
ment, concluded  that  one  light,  of  whatever  intensity,  is  not  per- 
ceptible to  our  eyes  in  presence  of  a  light  sixty-four  times  brighter. 
This  explains  to  us  how  it  is  that,  in  broad  daylight  and  in  a  clear 
sky,  the  stars  are  no  longer  visible ;  why  from  the  interior  of  a  well- 
lighted  room  we  see  nothing  but  darkness  out  of  the  windows,  and 
again,  why  we  can  scarcely  distinguish,  when  in  full  sunlight,  what 
passes  in  the  interior  of  an  apartment. 

Bouguer  and  AVollaston  both  tried  to  compare  the  light  of  the 
sun  with  that  of  the  full  moon,  taking  as  comparison  the  light  of 
a  candle.  They  both  found  that  the  sun's  light  was  equal  to  the 
united  light  of  about  r),600  candles  placed  at  a  distance  of  30 
centimetres.  As  to  the  light  of  the  full  moon,  Wollaston  found  it 
equal  to  the  144th  part  of  that  of  a  candle  placed  at  the  distance  of 
^'"•Go.  Whence  he  concluded,  by  easy  calculation,  that  the  light  of 
the  sun  was  equal  to  about  800,000  times  that  of  the  full  moon. 
Bouguer  only  found  the  number  300,000.  Quoting  the  number 
obt^iined  by  Wollaston,  a  nunil)er  which  differs  much  from  that  of 
the  French  jdiilosopher,  Arago  ailds :  *'  I  cannot  tell  in  what  con.'^ists 
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the  enormity  of  this  number  compared  with  Bouguer's  determination, 
for  the  method  employed  was  exact,  and  the  observer  of  incontestable 
ability." 

It  will  be  seen  from  this  how  difficult  photometrical  determina- 
tions  are,  especially  when  they  refer  to  lights,  the  intensity  of  which 
is  as  proiligiously  different  as  those  of  the  sun  and  moon.  Much  has 
yet  to  Ik?,  done  in  devising  new  experimental  methods. 
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UEKLKCTION   OF   LUillT. 


Phenomeua  of  ivdectiou  of  light — Light  reflected  by  uiirront  ;  diffused  light ;  why 
we  see  things  —Path  of  incident  and  reflected  mys  ;  laws  of  reflection  — Images 
in  plane  mirrors — Multiple  images  between  two  imrallel  or  inclined  surfaces  ; 
kaleidoscope— Polemoscope  ;  magic  lantern — Spherical  curved  mirrors  ;  foci 
and  images  in  concave  and  convex  mirrors — Caustics  by  reflection — Conical  and 
cylindrical  mirrors — Luminous  spectres. 

T  ONG  before  liuinaii  iudustry,  stimulated  by  the  reqiiireineiits  of 
-^  luxury  and  frivolity,  had  dreamed  of  polisliiug  metals  and 
glass  in  order  to  make  their  surfaces  brilliant  for  mirrors  and  looking- 
glasses,  nature  presented  many  examples  of  the  phenomena  which 
physicists  call  the  retiection  of  light :  for  the  surface  of  limpid  and 
tranquil  water,  as  of  a  pool  or  lake,  reflects  a  faithful  image  of  the 
country  w^hich  surrounds  it,  the  azure  vault  of  the  sky,  clouds,  sun, 
stars,  trees,  rocks,  and  the  living  beings  who  walk  on  the  banks  and 
sail  over  the  liquid  surface.  This  is  on  a  large  scale  the  model 
which  industrial  art  has  to  copy,  and  which  would  .enable  us  to  study, 
not  only  conveniently  but  accurately,  the  path  which  light  takes 
when,  coming  from  luminous  sources  or  illuminated  objects,  it  is 
reflected  from  the  surface  of  bodies.  But  the  want  of  comprehending 
never  precedes  that  of  admiring  and  enjoying,  and  the  discovery  of 
the  laws  which  govern  the  reflection  of  light  was  doubtless  made  long 
after  the  imitation  of  the  phenomena  we  have  just  described. 

Light  is  not  always  reflected  in  the  same  manner  from  the  surface 
of  bodies.  The  reflection  varies  according  to  many  circumstances, 
among  whicli  we  shall  first  consider  the  nature  of  the  reflecting 
substance  and  the  condition  of  its  surface. 

If  we  consider  bodies  whose  surface  is  naturally  smooth  and 
polished,  like  liquids  in  a  state  of  rest,  mercury,  &c.,  or  susceptible  of 
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acquiriijg  thin  <|uality  1»y  mechanical  processes,  as  glass  and  most 
of  tlie  metab,  &c.,  tlie  reflection  of  lijjht  fn^m  their  surface  will  not 
Khow  these  Ixxlies  themselves,  hut  the  illuminated  or  luminous 
ohjects  which  are  situated  in  front  of  theuL  Light  reflected  in  this 
manner  prrxlu^X'S  the  irna^^es  of  these  objects,  the  dimensions  and 
form  of  which  de[>end  on  those  of  the  reflecting  surface;  but  in  pro- 
pfirtion  as  the  degree  of  {Kjlish  is  more  perfect,  the  light  and  colour 
will  l>e  lietter  pre.'*er\'e'L  These  are  reflectors  or  mirrors.  Physicists 
then  say  that  light  is  reflected  regularly  or  specularly.* 

When  light  is  reflected  by  bodies  jjossessing  a  tarnished,  dull,  or 
rough  surface,  it  do*^  not  produce  images,  but  it  shows  the  bodies  from 
whenf;e  it  emanates,  sr>  that  each  {Kjint  of  their  illuminated  surface 
serves  for  other  objects  the  part  of  a  luminous  point  The  light 
which  a  [Kilished  surface  receives  is  never  entirely  reflected.  If  the 
iKKly  is  transparent  or  translucent,  a  portion  of  the  received  light 
[lenetrates  into  the  interior  and  traverses  the  substance,  and  is  usually 
partly  extinguished  or  absorbed.  It  is  often  a  very  small  amount  of 
the  luminous  rays  which  are  reflected  from  the  surface. 

If  the  Wly  is  r>puque,  the  reverse  takes  place;  the  light  received 
is  in  great  ]iart  reflected,  but  a  certain  quantity  is  absorbed  by  the 
thin  strata  at  the  surface  of  the  body. 

Ijet  us  next  consider  the  path  which  light  follows  in  the  pheno- 
menon of  reflection,  always  supposing  the  medium  homogeneous. 
Very  simple  exjK'riiiients,  which  every  one  can  verify  more  or 
less  rigorously,  will  indicate  to  us  the  laws  which  govern  this 
propagation.  I>3t  us  employ  a  bath  of  mercury  for  a  reflecting 
surface,  and  for  a  luminous  object  a  star,  tlie  rays  of  which,  coming 
fi-om  a  distance  which  is  i)ractically  infinite,  to  the  surface  of  the 
earth,  may  be  coiisidered  exactly  parallel.  The  direction  of  the  rays 
coming  from  the  star  and  falling  on  a  certain  point  of  the  mirror 
formed  by  the  mercury  is  easily  determined  by  means  of  a  theodolite, 
tho  axis  of  which  is  lixed  in  an  exactly  vertical  position  (Fig.  165). 
If  we  look  directly  at  the  star,  the  line  l'  s'  of  the  telescope  indicates 
tho  direction  of  the  incident  luminous  rays,  and  the  angle  s'i'n', 
equal  to  the  aiigh*  s  i  n,  is  the  angle  of  iiici(h'nce ;  that  is  to  say,  that 
formed  by  ii  luminous  my  with  tln»  perpendicular  to  the  surface  at 
the  i)oint   of  incidence. 

'    From  itp» ni I II ni y  a  mirror. 
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In  order  tn  find  the  direction  of  tlie  reflected  liiniinous  rays,  we 
must  turn  the  telescope  on  its  axis  until  we  see  the  image  of  the  star 
on  the  surface  of  the  meicury  bath.  Wlien  the  image  is  bi-OHght  to 
the  centre  of  the  telescope,  it  is  certain  that  tlie  angle  e'  l'  N'  is  equal 
to  the  angle  of  reflection  n  i  u.  Thus,  in  reading  the  measure  on  the 
gnwUiated  circle  of  the  instrument,  the  angle  of  reflection  can  be  com- 
jiared  with  the  aiiijle  of  incidence.     Now,  whatever  may  W  the  star 


ohserved,  and  whatever  its  height  above  the  horizon,  it  is  always 
found  that  there  is  perfect  equality  l>etween  these  angles.  Moreover, 
that  position  of  the  circle  of  the  theodolite  which  enables  tlie  star 
and  it«  irat^e  to  be  seen  evidently  proves  that  tlie  ray  which  arrives 
directly  from  the  luminous  point,  and  that  which  is  reflected  at  the 
surface  of  the  mercury,  are  lioth  in  the  same  vertical  plane. 
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two,  U  forniwl  on  the  cixterior  surfuce  of  tiie  iiiii-ror;  llie  other, 
the  more  hrilliaiit,  is  tliat  wliich  is  given  by  the  mirror  properly 
ao  called,  that  is  to  nay,  by  the  internal  tinned  surface.  Metallic 
mirrors  have  not  this  inconvcnienco,  but  tliey  possess  othrrs 
which  are  niucli  greati'r:  the  quantity  of  li^lit  that  they  reflect  is 
not  m  great,  and  their  surface  tarnishes  rapidly  in  contact  with 
tlic  air. 

If  we  ])lace  two  or  more  plane  mirrors  in  various  ways,  we  obtain 
singular  ell'ects  from  the  multiple  reQections  which  are  cast  back 
fif)in  one  mirror  to  another. 


Th(^  most  simpli-  of  these  effects  is  that  which  is  produced  by 
two  jilane  pardlel  niiirnrs  (Fiy.  HIS).  A  UunimiuH  object  iut^rpcscd 
iMjtween  the  two  mirrorM  shows  on  each  of  them  one  inmj^c,  *Ti,  f'l. 
which  Ix'coming  a  luminous  object  to  both  miri-ois,  gives  rise  to  two 
new  images  more  distant  than  the  first,  ir,,  "...  These  form  new  ones, 
and  so  iiidi'tiiiit^'ly ;  so  that  with  the  eye  conveniently  placed,  we 
shall  see  an  inliiiity  of  iina;;i'S  which  become  moiv  and  more  feebh' 
no  Hfconiit  of  the  lii^is  which  the  light  undergnes  by  cat:li  .snccrossive 
vi-flcrtion.  These  elf.'fts  lire  eiisily  observed  in  a  nicim  niiitainiii^' 
two  jiarallel  and  <)[)))i>site  liiiikiiig-5.'hHsis.  Tlie  two  sciii-s  nf  iiiiajj.s 
Miiiii  lH-(-iimi!  coiifusi'd  when  they  are  in)lu>-need  iiv  a  linniimus  puiui  : 
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but   if  we  wish  to  distiiiguisU  tlioin  it  is  sutticieiit  to  look  at   au 
i.>I>ject  the  surfaces  of  which  are  of  lUfferciit  colours  aiui  forms. 

Two  plaue  iiiim>rs  foruiiug  nu  angle  jtrodiice  images  the  imiubor 
•  •f  which  i3  liniiteil  and  depentlent  on  the  angle.     But  they  are  all 


olwrvcil  to  liu  placed  in  a  circle,  having  for  its  centre  the  point  of 
inter»ectiou  of  the  niiiTors,  and  for  it?)  radius  the  distance  from  the 


luminous  point.  Fij;ures  170  to  172  reprtiaeut  tlio  images  f(irnie<l 
hy  niirrorrf  iiuliued  nt  W,  ii()\  and  Ay.  The  first  system  gives 
three  image?:,  the  secnml  Hve,  and  the  tldrd  seven.     These  tniiltijde 
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ivflecttoiia  linvti  sii^^ated  the  ci>nstructiuii  of  viiri<iii.s  iiistniiiieiit«. 

aiuou^    which   may   bti    iiientioueJ    the    kaUidosi-ope,   invented    liy 

Brewster. 

In  a  pasteboitrd  tube  are  tixed  three  plates  of  glass  furniing  uii 

eiHiilateral  prism,  the  liases  of  which  are  closed  respeetively  hy  two 
parallel  plates,  one  of  transparent, 
the  other  of  ground  glass,  between 
which  are  place<l  little  olijec.ts,  sueli 
as  pieces  of  coloured  glitss.  Tlie 
eye,  on  looking  through  the  sinallei' 
end  of  this  kind  of  teleaco]>e,  sees 
these  pieces  of  glass,  the  multiple 
images  of  which  are  formed  by 
reflection  on  the  three  mirrors ; 
hence  result  regularly  disposed 
figures,  which  can  Ix^  vnrie<I  nl 
will  by  ttiniing  the  instrument 
round  (Fig.  17S). 
In  Brewster's  kaleidosope  there  are   only  two  miriin-s,  iiuti  the 


name  uF  cntj>ptii 
t'uiitaiii  thi't-i-  ui 
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The  uia^'ic  mirror  is  nuUiiug  iiior<!  tlian  a  cnmliiimtioii  of  twn 
j)laiie  mirrors  inclinetl  so  as  to  reflect  the  images  of  olijecta  separated 
fruin  the  spectator  \>y  certain  obstacles.  It  is  iisei!,  umier  the  uamB 
of  the  polemoscope,  durinij  sieges,  to  observe  tlie  exterior  ranvemeiits 
of  the  enemy,  while  the  soldiers  remain  in  shelter  behind  a  parapet 
(Fig.  174). 

Some  years  ago  a  poor  man  was  seen  on  the  quay  of  the  Louvre, 
who  showed  to  the  amazed  spectators  the  facade  of  the  Institute 
through  an  enormous  |iaving -stone.     This  magic  glass,  which  enabled 


1 


people  tfl  see  through  opaque  bodies,  was  composed  of  a  tube  broken 
in  the  middle,  in  wliich  was  placed  a  stone ;  but  the  two  pieces  were 
really  united  by  tubes  (in  the  supports)  twice  bent  at  a  right  anj^le, 
and  containing  four  plane  mirrors  inclined  at  -to",  as  shown  in 
Fig.  17.1.  The  luminous  rays  could  then,  l>y  following  the  bent 
line,  pass  round  the  stone  and  reach  the  eye. 

Other  instruments  of  much  greater  scientific  imjiortance  than 
those  just  mentioned  arc  also  liased  on  tlie  laws  of  reflection  of 
light   from   the    surface   of   plane   mirrors.      Hut   their   description 
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would  diaw  us  bcyomi  the  limits  to  wliicli  we  are  restricted  in 
tliis  tii-st  voluiiift,  and  we  shall  confine  ourselves  to  a  simple  men- 
tion of  thuiii.  Tlicy  arc  ttie  se.dant,  tlie  guniomdtr,  and  the  helio»lfit. 
Tlic  se.xtiint  is  ti^ed  on  boaid  ship  to  measure  the  angular  distances 
of  two  distant  objects ;  for  instance,  a  star  and  the  moon's  edge. 
Goniometers  are  instninients  employed  to  measure  the  angles  made 
by  the  sides  of  crystals;  and  the  name  of  heliostat  is  given  Xn  an 
apparatus  used  to  reHcct  the  sun's  rays  in  an  invariable  direction, 
in  spite  of  the  daily  movement  of  tlie  earth,  which  causes  that  body 
to  pass  over  tlie  heavens  from  east  to  west 

\Vhen  light,  instead  of  being  reflected  from  a  plane  surface,  falls 
on  a  polished  curved  one,  ttie  laws  of  reflection  remain  tiie  same  for 
each  point  of  ttie  mirror  ;  tliat  is  to  say,  the  angles  of  reflection  and 
of  incidence  are  always  equal  at  each  point,  on  either  side  the  perpen- 


dicular to  the  plane  tangent  in  the  point,  or  from  the  normal  to  the 
surface  at  the  point  of  incidence  :  moreover,  the  incident  ray,  reflected 
ray,  and  the  normal,  are  in  the  same  plane.  But  the  curvature  of  the 
surface  modifies  tlie  convergence  and  divergence  of  ttie  tuminous  rays 
which,  after  reflection,  full  on  the  eye  :  from  ttiis  result  particular  phe- 
noineuii,  and,  in  Itie  case  of  luminous  objects,  the  formation  of  imajjes, 
wtiosc  distance  iiiid  jiosition  vary  wilti  tlic  form  of  the  mirroi-s,  as  also 
witti  tticir  dini.'u-si.,iis  and  distance.s  from  the  objwt.s  thc-msclvrs. 

Ij't  us  n-iw  study  tti.-  plifiioniciia  of  ttic-  n'Oi-ctinn  of  tight  tV..m 
the  surhice  nf  spl.,-riral.  I'vlindri.^d,  ;iiid  mnirat  mirrors. 
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A  seotion  through  a  hollow  metallic  sphere  gives  us  a  spherical 
concave  mirror,  if  the  concave  surface  ie  polishetl,  and  a  spherical 
couvex  mirror,  if  the  convex  surface  is  polishe<l.  If  the  spherical 
portion  is  a  tinned  piece  of  glass,  the  stratum  of  tin  is  outside  for  a 
concave  and  inside  for  a.  couvex  mirror.  But  we  have  already  stated 
why  it  is  preferable  tn  use  mirrois  of  polished  nietdl  for  the  obser\a- 
tion  of  physical  phenomena.     We  shall  speak  here  of  these  alone. 

Let  U3  observe  what  happens,  when  a  luminous  object,  for 
instancs,  the  flume  of  u  candle,  is  phiceil  at  various  distances  from 
a  conc-iivc  Miiirur  in  a  dark   ruuiii.      Wo  shall    in    tliesH  i'\periiiipnla 


place  the  Inminous  point  in  tlic  axis  of  figure  of  llie  mirror,  that  is, 
in  the  line  which  joins  the  centre  of  the  sphur<i  to  which  it  belongs 
to  the  middle  or  the  top  of  the  spherical  scj;ii.ent. 

I^t  us  Hrst  place  the  tight  at  a  djataiice  I'lum  ibc  mirror  greater 
than  the  radius  of  its  curvature.     It  will  be  easy,  by  the  aid  of  ii 


Mte 


i 


360 


PIIiSICA L  PHKSOMESA. 


[lH>OK  III. 


screen,  to  receive  the  reHected  ravs.  und  soi'  t)iat  lliey  form  a  smaller 
and  inverted  image  of  the  object  at  a  puiiit  in  the  axi^  comprised  be- 
tween the  centre  of  tlie  ajihere  and  tlie  centre  of  the  li^ht-Eource 
(Kig,  17fi).  On  moviD<,'  the  luminous  source  further  from  tlie  mirror, 
we  must,  in  order  to  receive  tlie  image,  approach  nearer  and  nearer 
to  the  screen  from  tlie  point  of  the  axis  called  the  principal  focus  of 
the  mirror  (we  Bliall  soon  see  why),  and  the  inverted  image  will  by 
degrees  diminish.  If  the  candle  is  brought  forward  from  its  actual 
position  towards  the  centre,  we  uhserve  that  the  image,  still  inverted 
and  smaller  than  the  object,  will  gradually  get  larger  as  it  approaches 


the  centre.  If  the  caiKllc  comes  to  the  centre,  the  image  will  arrive 
there  at  the  same  time,  mid  will  !«'  blended  with  it  in  position  nnd 
si/e.  If  wp  now  continue  to  bring  the  candle  nearer  to  the  mirror, 
we  cause  the  image  to  ]m.ss  Iteyond  the  centre  ;  it  becomes  larger  and 
larger,  always  retaining  it-s  reversed  position.  In  proportion  as  the 
object  JipjiionHies  the  princijwl  focus  the  image  increases  in  size  iiml 
bpconifs  more  and  more  dillufwd,  until  it  is  too  large  m  be  re<'eived  on 
tlie  si-n'eii.  When  llif  .srmroe  of  light  iv;iflies  the  lin:iis,  tbo  imnge  is 
sitiiiile<l  at  an  intinili-  distance  and  has  tber.-f.in-  coiiii.b-tidy  vaiiislu^d. 
Thus  till-,  the  iini.ge  ..f  the  Inminoiis  .ibjcct  hiis  b.^'ii  iv;il.  tliat  i-<. 
it  has  ai'tuidly  existed  in  tlu'  nir.  ut   the  ]"iiiil   whi-rr  it  is  formed. 
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iind  the  rfiinioii  of  tlie  luiniiions  rays  lias  iiiateiially  mprcMliicu'd, 
so  to  speak,  the  fnrni  anil  colour  of  tlie  ohjeet.  We  have  also  Ijeeii 
able  t<i  receive  this  image  on  the  screen.  Tliis  is  no  longer  tlie  case, 
however,  if  we  pliice  the  luminous  ol'ject  at  a  lesa  ilistaiice  than  tlie 
principHl  focus  of  the  mirror.  The  real  image  then  exists  no  longer; 
hnt  the  eye  still  perceives  hehinil  the  mirror,  as  in  ])lane  mirrors,  an 
itniige  of  the  candle :  this  is  called  a  rtrtual  iimnje.  Tt  iu  upright  and 
larger  than  the  object,  as  shown  in  Fig.  17H,  and  its  apparent  dimen- 
sions go  ou  iliniinishing,  in  proportion  as  the  light  is  brought  nearer 


tt>  the  mirror.  It  would  have  the  dimensions  of  the  object  itself,  if  it 
touched  the  reflecting  surface.  These  various  phenomena  can  be 
easily  observed  by  the  concave  mirrors  used  for  the  toilet,  the  curva- 
ture of  which  is  calculated  in  such  a  way  that,  at  a  short  distance 
from  the  miiTor,  the  observer,  who  is  at  the  same  time  the  object, 
finds  himself  in  the  position  described  in  the  preceding  experiment: 
in  this  case,  he  sees  his  ligure  increase  or  dimini.sh.  Ou  going 
further  and  further  away  from  it,  lie  will  sec  reproduced,  in  inierted 
order,  the  pheuomena  above  mentioned. 
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Li-f  m  now  rttuiii  to  llie^c  ptieiioiiietia,  and  see  liow  tlie  laus  of 
Uiu  rellectiOD  of  liglit  accouut  fui-  tlie  various  conditions  which 
c'hamcterize  tli«in.  For  tliis  piirjioso  we  must  dt^tcrmiue  the  path 
wliicli  a  ray  or  hiuiiiious  pencil  follows,  wlieti  it  is  reflected  fnm 
the  surface  of  tlie  eoiiwive  mirror. 

yig,  179  shows  a  cylinder  of  parallel,  lutuiuous  rays,  that  is,  rays 
which  liave  eni^nattnl  from  !i  poiut  sitnated  on  the  axis  of  the  mirror 
at  a  tlistiiuce  which  may  he  considered  as  infinite  It  is  Ihiis  with 
llie  light  which  comes  from  the  sun,  stiire,  or  even,  on  the  surface  of 
the  earth,  from  an  object  at  a  disiance,  compared  with  the  radius 
of  curvature  of  Lhe  min-or. 

Both  gejlnetry  and  observation  a^-ee  in  pi-oviuL;  tlial  all  snch  rays 
when  reflected  cut  the  iirincipa)  axis  at  a  point  situated  at  an  ftqual 
ilislance  between  the 
centre  i;  mid  the  apex 
A  of  the  iiiiiTor.  Their 
reunion  produces  in  r, 
tlic  principal  focus,  au 
iiiiaj^'e  of  llie  poiut, 
which  tlie  eye  will  per- 
ceive there,  since  the 
Fia.  i7ii---i'™-.v*m^^i.^  Td^iijindnHo^e^^^^  divei^ent   iitys  wliicK 

penetrat*  our  opgnu 
of  visiun  will  produce  the  same  effect  as  if  tliey  issued  from 
a  real  luminous  object,  situated  at  the  focus.  The  phenomenon 
is  the  more  exact  as  the  surface  of  the  mirror  is  smaller,  that  is, 
as  the  angle  of  tlie  cone,  having  its  highest  point  at  the  centre 
C  of  the  mirror  while  its  ha.se  is  the  mirror,  is  smaller.  This 
angle  must  not  exceed  8  or  10  degrees.  If  the  minor  is  spherical, 
the  curvature  is  the  same  at  each  of  its  jMints;  and  the  reflected 
rays  will  then  follow  a  similar  path  in  relation  lo  the  secondary 
axis,  that  is  to  say,  to  the  light  lines  which  join  each  point 
of  the  mirror  to  the  centre.  There  are  endless  secondary  foci  on 
these  axes,  situated  like  the  principal  focus,  at  ei|ual  distances 
between  the  centre  and  the  miiTor. 

Figs.  180  and  181  show  the  path  of  the  luminous  rays,  when 
the  object  is  situated  at  a  dis^tance  which  i,s  not  infinite,  and  which 
lies  near  ihc  mirmr. 
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Tiie  equality  of  the  luigles  of  retlectioii  ami  incidence  iiidicatcw 
ill  those  viirioiis  instances  how  the  points  of  convergence  of  the  rays, 
either  on  the  principal  or  on  the  secondary  a.xcs  are  situated  at  the 
very  points  where  ex[>eriinont  has  shown  us  that  the  inin'^es  ai-e  fornieJ. 

Indeed,  if  the  luminous  point  is  at  s  (Fig.  180),  ln-yond  the 
centre  of  llie  mirror,  a  ray  s  i  ia  reflected  in  i  s  an<i  cuts  tlie  axis 
between  the  centre  (c) 
and  the  focus.  Ilring- 
iii;;  tlie  luminous  point 
now  to  the  centre  itself, 
the  niys  full  normally, 
and  follow,  alter  reflec- 
tion, the  eouise  which 
tlify  at  tirst  took  from 
the  ]  ight :  the  limimons 

point  and  its  focns  then  coincide.  If  the  point  still  iipproaches  the 
miiTor,  but  to  a  less  dislttnce  than  the  principal  focus,  the  reflection 
takes  ])lnue  on  the  axis  l>eyond  the  centre. 

It  is  evident,  and  experiment  al-'o  confirms  tlie  fact,  that  if  the 
path  of  a  luniinMis  ray  is  s  i  «  (Fig.  180)  from  the  object  s  to  the 
forus  s,  the  path  will 
l>e  exactly  the  revt'rse 
when  the  ray  starts 
friim  tlie  iioint  s,  so 
that  the  points  s  and 
R  are  alternately  foci 
oneoftheothiT.  These 
ui-e     en  lied     mnjugnU 

The  conju<;ate  focus  of  the  principal  focus  is  infinite;  in  other 
wonls,  the  niys  which  emanate  from  this  point  are  .sent  liaek  pandlel 
to  the  axis  of  the  mirror.  At  the  points  situated  between  the  priiicipul 
focu-s  and  the  niiniir,  the  focus  is  virtual,  U'cnu.'ie  the  n-flectcd  hinii- 
nons  rays  are  diver'.'ont  (Fi-^.  Irtl) :  we  can  no  longer  tlicn'fore  coii- 
.sidcr  them  as  conjugate  foci. 

I.^sHy,  the  two  figures  1S2  and  18^!  show  how.  in  tin'  one  case, 
the  images  are  real,  inverted,  and  .imaller  than  Ihe  object,  and  in  the 
other,  upright,  virtual,  and  larger  than  the  luminous  object.     To  con- 
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struct  tilt!  iniage.s  geomctricslly,  and  tu  account  tor  their  pnHitious  and 
itiniGiisious  compared  with  those  of  the  object,  tlie  images  arc  sought 
lit  each  extreme  point  a,  b.  To  this  end  we  join  ac,  bc  (these  are 
tiie  secondary  axes) ;  tlien,  the  rays  parallel  to  the  principal   axis 


■od  Invertol  Image  of  ilijccl 


are  reflected  to  the  focus  K  The  points  of  contact  of  the  reflected 
rays  with  the  corres)>unding  secondary  axis  give  a  and  />,  images  of 
the  exti-emitiea  of  the  object.  This  coustnictiun  is  easily  fullowed 
by  means  of  the  figures. 


In  I'onvcx  niiniirs,  tlic  fiici  and  imuges  are  always  viilual  :  am 
Ibis  fact  is  accnULilL-d  fw,  if  we  follow  the  palli  cif  tlie  rays  and  luiiii- 
nuns  pi'iu'il.s  for  eai'li  ditl'iTent  point  of  a  liiminuus  object.  We  aisi 
-..■.-  why,  in  these  minui-s  (Ki-:.  lS."i),  the  image  is  upri;,'ht  and  alway,- 
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smaller  tliQii  the  object.  The  dimeiisioiiB,  iiiorL-over.  Ijecome  smaller 
H3  the  distance  frniii  the  object  tfl  ihe  mirror  au^itents.  If  the 
siiriace  of  the  mirror  is  very  large,  a  distigiirenieut  is  observed, 
which  is  more  apparent  as  the  siiilace  is  increased  in  extent.  Auy 
one  may  see  this  by  looking  into  the  jwlished  balls  which  aie 
placed  in  garrlfns,  and  in  which  the  siirramiding  dislant  country 
is    i-etlected. 


\Mien  we  examine,  in  a  spherical  mirrui;  the  palb  oi  ibe  ri'Hected 
'  rays  proecuiliiig  fi'oni  a  luminous  point,  situated  on  tiie  axis  at  any 
distance,  we  see  that  these  rays  successively  crons  each  other,  first  on 
the  axis  in  its  different  points,  then  beyond  the  axis,  in  such  a 
manner  that  thti  points  of  intersection  form  a  surface  which  geometers 
call  a  atuslic.  At  all  the  points  of  this  surface  tlie  light  is  more 
concvntiiiUid  than  elsewhere,  and  its  maximum  concentration  is  at 
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the  f<x:ii8  uf  the  given  point.  The  caustic  varii's  in  form  with  the 
position  and  distance  of  tlie  luminous  point;  but  the  existence  uf  it 
can  be  proved  by  experiment. 

Place  a  screen  of  white  cardboard,  cut  so  as  to  take  the  form  of 
the  mirror.  When 
this  is  exposed  to  the 
light  uf  the  sun,  or 
to  that  of  a  lamp,  we 
perceive  on  some  por- 
tions of  the  screen 
a  brighter  light,  the 
outlines  of  which  in- 
dicate tlie  funn  uf 
the  caustic,  which  is 
evidently  the  same 
Kio.  i8s,-CoBv«qiirTor.    Enct  uid  rtctuii  iiiiiKc.  whatever  may  he  the 

position  of  the  screen 
aa  regards  the  centre.  A  circular  metallic  plate,  poHslied  inside, 
and  placed  on  a  plane,  would  in  the  same  manner  indicate  the 
form  of  this  curve  for  a 
cylindrical  mirror  (Fig,  186). 
This  experiment  is  due  to 
Brewster. 

When  a  glass  full  of  milk  is 
exposed  to  the  rays  of  the  sun, 
or  still  better,  as  Sir  J.  Her.schel 
states,  a  glass  full  of  ink,  we 
perceive  on  the  snrl'nce  of  the 
liquid  a  bright  curved  line; 
it  is  the  intersection  of  tlie 
Kiu.  i««.-c«uiiiii:b>- ttHfciii.ii,  caustic  of  tlie  cylindrical  con- 

cave  mirror,  which   tlie   glass 
fonns  with  the  limiting  plane   of  the  liquid  at  the  ui.per  surface 

In  optics  iiiir.ihalic  concave  minors  sim  largely  cm]iloy(Mi.  Tlu'sc 
l»03*ess  the  pmiHTty  of  roncentniting  niys  paralkd  In  tlie  asis  nt  the 
jmiiiU.ln  to  Iho  fitcns  of  this  curve,  whiitever  may  be  the  angle  of 
the  miri'tr.  and  they  also  .-tend  baik  in  |.anillcl  linos  all  the  li;;lil  from 
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ii  luruimms  olijiict  sitiiatetl  Ht  llie  fucua.  Splifriu.i!  iiiiii-oi's  uiily  pm- 
duce  this  result  when  the  surface  is  very  small. 

Convex  or  cimcave  cyhndrical  mirroi's  produce  images  in  whii;h 
the  dimensions  of  the  objects 
are  not  altered  in  tlie  direction 
of  the  It^ngth  of  the  cylinder ; 
but  which,  on  ihe  contrary,  are 
varied  along  in  a  direction  pei- 
jKtndiculHr  to  the  first,  that  is 
to  say,  along  the  circumference 
of  a  section.  Tiie  rays  rftHected 
along  a  line  parallel  to  the  axis 
follow  the  path  which  they 
would  take  in  a  plane  niirror; 
those  whidi  an-  retlected  on  ii 
circumference  follow  the  jialh 
which  their  reflection  fmm  :i 
spherical  niirrov  would  produce.  ^ 

If   the  cylinder  is  convex,  the 

iniayea  will  always  be  narrower  in  the  dii'ectiou  of  its  width  ;  if  con- 
cave, tliey  will  sometimes  he  iiarmwer  and  sometimes  wiiler  according 
to  the  distance  of  the  object. 


■J«H 
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Ill  r:ijriv«x  vA>\wa\  iiiim^ni  tin;  reflw;!*!!  linages  are  disfigured  in 
till;  clirr;r:ti'iii  nf  tlie  circumferunooB,  am\  a«  tlie  degree  of  ciin-ature 
<-Ijhiii;i:h  frem  the  Itaflc  to  the  a[)ex,  a  narrowing  in  the  dimensions  i:i 
)mM]u(:(»l,  which  Ih  \wixk  coiuiid(;ra)>le  a«  they  a]>[>rr)aeli  tlie  apex.  If 
the  cniiimil  Hurfii('«  were  concave,  the  fonn  of  the  image  would  be 
{lyraniidHl,  hut  for  certain  jKisitioiu  of  the  object  it  would  Iw  enlarged. 


Ill  Imlli  tlu'sc  iiiirr<ira  the  rt-lli'L-tioii  of  lui 
\\m^-  vif-oiiKisly  iu-f..riliiif,'  to  tlif  hiws  \\\m\\ 


■ays  always  tiikcs 
I'  sliitfd  ;  so  thai 

m-  mil  take  odd  and  dcfoniud  drawiiijjs,  in  wliit.Ii  llu'  oye  liiniiot 
li!itin^iii>h  iiiiy  linuri-.  whiidi  nfvt'rtlicltss,  when   ittltoti'd  ill  lylin- 


nFri.F.CTJOS  OF  LIGHT. 


(Iriciil  and  conical  mirrors,  present  n  faithful  represeiitatiou  of  known 
olijpcta.  The  name  of  anamorphosis  is  given  to  tliis  changing  of 
forms,  auJ  opticians  Iiave  pii'tures  which  they  sell  with  conical  or 
cjiinilrical  mirrors,  in  which  the  lines  and  colours  have  been  com- 
bined to  produce  regular  images  of  landscapes,  persons,  animals,  &c, 
(Figs.  188  and  189). 

AVe  have,  in  what  has  gone  before,  solely  considered  light  reflected 
regularly  from  the  surface  of  polished  bodies;  and  the  phenomena 
produced  by  this  reflection  sliow  sntlicieiitly,  as  we  have  sti\t«d  above, 
that  if  the  degree  of  polish  were  perfect,  the  reflecting  IxKly  ivouM  be 
invisible  to  us.  We  should  see  the  more  or  less  disfigured  image  of 
the  luminous  objects  which  surround  it,  but  we  should  not  see  the 
mirror  itself.  And  if,  with  the  exception  of  the  sonnies  of  light,  all 
liodies  were  in  the  same  condition,  wc  should  only  see  an  indefinite 
multitude  of  images  of  luminous  l»o<lies,  of  the  sun,  for  example, 
without  seeing  anything  else.  In  a  dark  room,  if  the  solar  mys  fall 
oil  II  mirroi',  tho  surface  of  this  latter  gives  a  dazzling  image  of  the 
siiu;  biU  the  othorpointsof  the  reflecting  body  are  only  slightly  visible 
liy  tlie  irregularly  reflected  or  scattered  lighi  It  is  this  light  which 
enalilet  the  miri'»)rs  to  be  seen  from  all  parts  of  a  dark  room. 


The  jtroportion  of  specidar  and  scattered  light  reflected  by  a  l)ody 
varies  with  the  polish  nf  its  surtiice,  and  also  with  the  nature  of  the 
\mi\y,  its  coh.ur.  and,  lastly,  with  the  angle  of  the  inciiU-nt  rays.  A 
jiiecc  of  while  [wiper  rcflet'ts  light  in  every  dirfiction ;  but  its  while- 
nft»   is   brighter   the   more;   perpendicularly    it    Ik   e.xiKtsed    to    the 


/■//  )'.sV'  -A  I.   lllKS'OMKyW. 


scmi-ce  of  light  Mon-nver,  if  tiif  oh^^i-iver  is  plu.ie.l  s..  ilint  lie  can 
examine  tlie  snrfiwe  uf  the  paper  in  rlii'ections  more  and  more  oblique, 
the  briylitiieja  of  tlie  S(;attei'ed  ligbt  diuiinisliea.  but  by  way  of  coni- 
pensaliou  the  eye  receives  nu  increasing  number  of  rays  regularly 
retlecteJ,  It  is  for  this  reastiu  that  on  pluuing  the  flame  of  a  candle 
very  near  tlte  surface  of  a  sheet  of  paper,  and  looking  at  it  obliquely 
towards  the  ciindht,  that  a  vory  distinct  image  is  seen  of  the  reflected 
llaiiic  us  in  a  mirror. 

When  we  say  that  scattered  or  diffused  light  is  liyht  reflected 
irregularly,  we  do  not  mean  that  the  rays  of  which  it  is  composed 
follow  other  laws,  during  reflection,  tlian  light  reflected  by  mirrora. 
The  irregularity  which  it  undergoes  proceeda  from  the  roughness  of 


til 


iifaw  of  the  dull  iwi;;! 


ilies,  which  receive  the  light  under 
varied  angles  of  incidence  and 
disperse  it  in  every  direction. 
When  sitoh  a  surface  is  looked  at 
very  obliquely,  the  roughnesses 
bide  each  other,  and  the  rays 
emiinaling  from  parallel  sources 
in  the  gtmeral  direction  of  the 
surface  become  luoro  and  moi« 
numerous,  which    explains    th« 

"""  ",'.1,  u'm'-,,,,!,,.',-'.' ,,..i,HMNii'M!.ry'"  """    increasing    proportion    of    light 

regularly  reflected.  Hint  tlie 
quantity  of  light  rcllected  by  means  of  mimu's  varies  with  the 
condilion  of  their  surface  ia  nut  to  be  doubted.  A  piece  of  pflished 
glass  becomes  a  mirror;  iinjiolished,  it  would  scarcely  scatter  the 
diffused  light  Wood,  inirlile,  horn,  and  numeroat  other  substances 
are  the  same.  But  the  reflecting  power,  if  we  give  this  name  to  the 
property  to  reflect  light  to  a  great«r  or  less  extent,  varies,  with 
equal  degree  of  polish,  acconling  to  the  nature  of  the  substances  and 
the  angle  of  incidence.  Of  a  hundred  rays  of  light  received  by  water, 
glass,  polished  black  marble,  mercury,  or  speculum  metal,  with  au 
incidi'ncB  of  iJU°,  water  reflects  72,  glass  54,  marble  60,  and  mercury 
and  siiecuUim  metal  70.  If  tlie  incidence  augments,  the  number  of 
reflected  rays  diminishes  for  the  first  three  bodies  in  a  rapid  propor- 
tion, and  at  the  most  is  no  more  than  2  ov  i,  at  from  60"  to  90°; 
v\liil.*t,  under   this   latter   incidence,  meivury   reflects   60   rays   out 
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CHAl'TEK  V, 

RKFRAITIOS    OF    LlfiHT. 

B«nt  Hlick  in  water  ;  elevntion  of  the  botloina  of  vessels — Idwa  of  Ihe  leftaction 
uf  light;  expcrinientar verification^ Index  of  r«fntctioD — Tot«l  reflection— 
Atmospheric  refmction  ;  tlistortion  nf  ihe  xiin  n(  the  horizon. 

"VrfHEN  a  straight  stick  ia  tlirust  into  clear  water,  that  part  of 
''  it  which  is  beneath  the  liquid  does  not  appear  to  be  continued 
ill  a  straight  line.  Tlie  stick  seems  to  be  bent  from  the  surface  of 
the   water,   and   the   end   wliich   is   iniinGrsed   rises   as   if    it    bad 


diminished  in  length.  If  the  stick  is  placed  vertically,  or  if  the 
eye  receives  the  visual  rays  in  a  direction  which  causes  it  to  l>e 
sppn  as  if  it  wore  vertical,  the  Rtirk  no  longer  appears   bent,  bat 


'.1*:^*  ir   ■niiiu*'^ 
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frf  t\t-ni  v4t^.T  Afi^y-ar  '-fiUr;{«),  dUt/frtft*!,  *n'I  rfcmoTwt  f[T)rii  th«-ir 
ff'ii)  |f/><iiii'f»  If  »«  f'»ll'iw  ffi*  jn^iVfrthMiU  ot  fiili^  M  tl.'-y  swim 
it\i'iul.  iri  j/l(W4  sfM'^'''*.  if  i*  )i>irj/ri«iri^  t'l  «:*:  tU'rtf.  animaU.  s<jmttiiii<^ 
i|(>iH|ijf'iMriri(r,  ■'if(i<-fii(i':4  \n:i:'uuifj  <yiiHiilftraltly  l»n.^r,  ami  »om*itimPS 
;/rn'|iiMlly  'liditninliin^.  iinii)  v,  Mn-  t.)i»:tn  in  their  ft'-tual  •limension-i. 

All  Dn'Mr  filii;ri'>Tiiciiti  iir(!  (|it<:  ro  wlint  iiliyiicUtt  call  tlie  refrai.-- 
ti'tii  'rf  \\-j\ii  liiitl.  I*  l>i  iiry,  Ui  III'!  <)<;viati'iii  wliicli  IiiminoiLi  mys 
iMiil''t|j!'i  wIk'ii  tlii'y  jiiiNM  'i)ilif|iii-ly  fr'nn  rin<t  iiiciliuiii  into  nnother- 
lot  I'diitijil",  froiH  HJr  iiil/i  wati-r. 

Wlt'iri  li|/lil.  h-iiVKM  u  liiiriiiioit'i  or  illuminated  ohjftct  it  moven  in 
II  iltelif-  Duo  UN  wii  linvi!  JiiNt  Hiicri  — iirciviilfiil  tlmt  the  nicdiiiiii 
tlitiiuirli    wliK'li     il     \,n■^M-    JH    li<.irl»;;>-ii>'OiiH.       Tlill.H,   llir    luyH   wliicli 

I.|«  11.  1'.  .K'K  11 ikI  i.I'    Ml'-   ^>li<'k    ill    iIk-    wiitiT  II1V  ■'•'(tiliiir-at 

»'•  I !  ...  I1..-11'  ],....  m:'.i'  h.  Iliioii-)!  wiH.-r,  wlii.-li  is  a  li.,iii'.u'<-n.'nns 

) TIm'  iM.tli  r..ll..».'.l  )>>  till'  .am.'  myn  in  l.'uvin^'  il..-  [i.|uiil 

<.iiil.iii'   mill   )i'<"<i<:'    I"  "III   <->'<'    i'-«  liki-wi-^'-    tvi-tilin.'uv.  l>.-<'iiii-^''    it 
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takes  place  through  another  homogeneous  medium.  But  the  second 
direction  is  not  a  continuation  of  the  lii-st,  and  the  complete  course 
followed  by  the  luminous  rays  forms  a  broken  line,  the  angle  of 
which  has  its  highest  point  at  the  common  angle  of  incidence,  at 
the  separating  surface  of  the  two  media. 

Similar  phenomena  take  place  in  all  kinds  of  liquids,  in  trans- 
parent solids  like  glass,  and  also  in  gnses ;  only,  as  we  shall  presently 
see,  the  deviation  varies  with  the  natui*e  of  the  medium. 

Tlie  principal  phenomena  connected  with  the  refraction  of  light 
wei-e  examined  long  ago,  and  the  appearance  of  objects  when  seen 
through  clear  water  was  doubtless  observed  in  very  remote  ages. 

The  ancient  astronomers,  Ptolemy  for  example,  noticed  the  effects 
of  atmospheric  refraction,  that  is,  the  deviation  which  the  luminous 
rays  from  the  stars  undergo  in  passing  from  the  vacuum  of  planetary 
space  tlirough  the  denser  medium  of  our  atmosphere.  But  it  was  not 
until  the  commencement  of  the  seventeenth  century  that  a  young 
Dutch  geometer,  Willebrod  Snell,  discovei*ed  the  cause  of  this  devia- 
tion, and  the  laws  which  govern  the  passage  of  a  luminous  ray  when 
it  passes  obli(|uely  from  one  homogeneous  medium  to  another.  These 
laws  sometimes  bear  the  name  of  Descartes,  because  this  great  man 
discovered  them  in  his  turn,  or  at  any  rate  explained  them  under  a 
form  which  is  still  retained  in  science. 

Let  us  examine  the  nature  of  these  laws.  In  order  to  i)rove  them 
experimentally,  a  ray,  or  a  bundle  of  rays,  is  caused  to  fall  obli(iuely 
on  the  surface  of  a  litpiid  contained  in  a  semi-cylindrical  glass  vessel 
placed  within  a  graduated  circle,  and  the  angle  which  the  path  of  the 
ray  makes  with  the  vertical  is  then  measured :  this  is  the  aiujlc  of 
incidence.  The  ray  enters  the  liquid,  is  then  broken  or  refracted,  and 
is  seen  to  approach  the  vertical  line.  The  ant/lc  of  refraction  is 
smaller  than  the  angle  of  incidence. 

If  we  vary  the  angle  of  incidence,  the  angle  of  refraction  varies 
also ;  and  we  do  not  at  once  perceive  the  relation  which  exists 
betwe(jn  these  variations.  But  because  the  refracted  ray  is  always 
in  the  phme  of  the  graduated  circle  as  well  as  the  incident  ray,— 
and  it  is  the  same  with  the  vertical, — it  follows  that  the  first  law 
can  Ixj  determined,  which  is  as  follows : — 

MV/t/i  a  luminous  ruij  prntaes  Miqaebj  from  one  medium  into 
another,  it  is  hent  aside,  and  both  the  incident  and  the  refracted  ratf 
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remain  in  the  same  peryendkidar  plnnf,  normal  to  the  surface  of  nepa- 
ration  of  the  medium.  We  may  also  add,  tliat  if  the  ray  of  lijflit 
enters  perpeDdicularly  to  tlie  surface,  it  contiaues  its  path  in  the 
same  direction.     There  is  uo  refraction  for  the  normal  incidence. 

Fig.  196  represents  the  instrument  as  arranged  for  proving  the 
second  law. 

The  incident  ray  coming  from  tlie  sun,  for  instance,  falls  at  i  cm 
a  mirror  iiiclined  in  such  a  manner  as  to  reflect  it  in  tlie  direction 


Via.  IM-EiperincntildBmnnatnlUiiinf  tha  lawi  at  nslhH'tion, 

of  the  centre  through  a  little  hole  in  a  diaphragm.  An  index, 
fuinished  with  a  point  at  its  extremity,  indicates  tlie  direction  of  the 
incident  ray,  and  the  liue  o  a  can  be  measured  ou  the  horizontal 
divided'acale,  which  can  be  moved  up  or  down.     This  liue,  or,  better, 

its  relation  to  the  length  of  the  ray  iic,  is  what  geometers  call  tho 
niti^  of  the  ini'jk  of  innikiu-€.  Another  inde.'C,  also  furuislv.'d  with  a 
diaphragm  pierced  with  a  hole,  receives  the  refracted  lumiu'nis  ray 
after  its  passage  through  the  water,  and  ob  is  measured  on  the  scale, 
which  gives  fh<-  xinr  of  /Ac  tingle  if  rifivHoii.     Let  us  oliservu  that 
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the  luminous  ray,  on  emerging  from  the  water  into  tlie  air,  does  not 
undei^o  a  new  refraction,  as  it  passes  out  by  an  incidence  normal 
\a  tlie  surface  of  the  cylindrical  vessel. 

Let  U3  suppose  that  the  first  observation  gives  us  two  sines,  such 
that,  by  dividing  that  of  the  incidence  by  that  of  the  refraction,  tlie 
quotient  or  result  is  the  iiwmber  1-335.  If  we  repeat  the  experimeut 
several  times,  changing  the  direction  of  the  incident  ray,  we  find  in 
each  fresh  experimeut  the  (juotient  of  the  sines  of  incidence  and  re- 
fraction will  continue  to  be  1'335;  and  it  will  be  the  same  as  long  as 
tlie  two  media  are  air  and  water.  But  this  number,  which  is  called 
the  index  of  re/rar.lion,  varies  when  one  of  the  media  is  changed  or 
when  both  change;  thus,  from  air  to  glass,  the  index  of  refraction  is 
no  longer  equal  to  that  from  air  to  water.  It  has  also  been  found 
convenient  to  calculate  the  indices  of  all  transparent  Ixidies,  on  the 
supposition  that  the  light  passes  from  a  vacuum  into  each  of  them. 
by  this  means  absolute  indices  are  obtained.  Generally  speaking, 
the  refraction  increases  with  the  density  of  the  second  medium, 
although  there  are  many  exceptions.  Thus,  the  refractive  power  of 
a  medium  very  usually  increases  with  its  density. 

The  second  law  of  refraction  of  light  may  be  thus  stated ; — 

For  the  same  Iuh}  viedia,  the  quotient  of  the  sines  of  the  angles  of 
iiicidi-ttce  and  refraction  is  a  constant  number,  ivhatever  the  iiicidatee 
111(1  ff  be. 

The  laws  we  have  just  studied  indicate  the  path  which  light 
follows  when  luminous  rays  pass 
from  one  medium  to  another.  But 
this  path,  as  both  reasoning  and 
experiment  prove,  remains  tlie  same 
if  the  light  passes  from  the  second 
medium  into  the  first  Tlien  the 
incident  ray  becomes  the  refracted 
ray,  and  vice  vered.  For  example, 
if  the  luminous  point  is  in  the  water 
at  8,  the  ray  which  falls  at  the  point 
I  of  the  surface  will  be  deviated 
from  the  perpendicular,  following  '      " 

the  direction  I  ii;  the  path  slii  will  be  the  same,  only  reversed,  as 
if  the  incident  ray  hud  been  at  k  I ;  su  that  the  aiigles  of  incidence 
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the  bottoms  of  vtasela  tilieti  wiili  liquid.  Even  wlicii  we  linik  at 
the  bottom  in  &  peri«n'ii<:ulai'  direction,  the  ellect  in  pruduuw!, 
because  thu  eye  does  not  n'ceive  a  sinj^le  my,  but  a  bundle  of  rayu, 
wbicli  diverge  moi'e  on  passing  through  the  iiir,  iiii  account  of  re- 
fraction, than  througli  tiic  litjiiid.  Tbe  puiut  then  aiipeiu's  to  rit«e 
towai'ds  the  surface  from  0  in  o'  (Fig.  19'J). 

A  singular  ]ibenoiuenon  called  ivtnl  reflation  i-esult«  from  the  laws 
of  ret'niction,  whicli  may  be  proved  by  experinieut.  Let  us  imagine  a 
luminous  point  placed  in  water,  at  the  bottom  of  n  vessel.  This  [xiiut 
sends  out  rays  of  light  in  every  ]iossible  direction  at  the  surface  of 
separation  of  the  air  and  water.  Xow,  do  all  these  rays  emerge? 
We  shall  see  that  this  is  impossible,  luul  that  there  is  a  certain  nugle, 
variable  with  the  nature  of  the  medium,  beyond  which  the  lumiunus 


my  cannot  penetrate  into  a  leas  refractive  medium.  Indeed,  since  the 
angle  of  i-efraction  is  greater  than  the  angle  of  incidence,  a  moment  will 
arrive  when  the  first  angle  having  become  a  right  angle,  the  angle  of 
incidence  o  I  N'  is  still  less  than  a  right  angle.  The  refracted  ray  no 
longer  emerges;  it  grazes  the  horizontal  surface  of  the  liquid.  Heyond 
(his,  the  angle  of  incidence  alwnys  iucreusiug,  the  angle  of  refrac- 
tion would  Iiecome  greater  than  a  right  angle.  In  this  cRse  the  my 
returns  into  the  licjuid,  and  is  i-eHectcM,  according  to  known  laws,  to 
thi- inner  surface  of  sepamtion.  As  in  the  least  incidences  the  emer- 
gence is  not  complete,  and  there  is  a  i>artiul  ivHeetion  of  the  rays,  so 
when  the  emergence  is  nil,  there  is  said  to  lie  a  total  retiectiun.  Ali 
the  luminous  myi*  which,uuming  from  u,  cut  the  suifuce  of  seimrution 
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of  the  two  media,  are  thus  divided  into  two  poitioiis :  the  first, 
containing  those  which  emerge,  fonns  the  cone  of  refracted  rays ;  the 
second  is  composed  of  all  the  rays  which  cannot  emerge,  and  which 
are  therefore  reflected  back  into  the  interior  of  the  most  refractive 
medium. 


We  name  the  Umitinf)  angle  that  beyond  which  the  total  tl^IUh:!  ion 
commences.  Tliis  angle  is  about  -ISJ^  for  rays  which  are  rufnictoil 
from  water  iiito  iiir,  while  it  is  only  41'  from  glass  to  air, 

A   very   simple   exjKtriineiit  pnives    the    phenomenon    of    lotal 
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reflection,  and,  at  the  same  time,  shows  that  reflection  thus  obtained 
exceeds  in  brightness  nil  those  which  are  obtained  directly ;  for 
example,  at  the  surface  of  mercury  or  polished  metals.  A  glass  of 
water  is  held  in  such  a  position  that  the  surface  of  the  liquid  is 
above  the  eye  (Fig.  201).  If  we  look  obliquely  fi-om  below  at  this 
suiface,  it  appears  brigliLer  than  polished  silver,  and  seems  to  possess 
a  metallic  brilliancy.  Tlie  upper  part  of  an  object  plunged  in  the 
water  is  seen  reHected  as  in  a  mirror. 

A  diver,  immersed  in  perfectly  still  water,  and  having  his  eyes 
directed  towanis  the  surface  of  the  liquid,  would  witness  singular 
pheuouiena.  iietractioD  will  cause  him  to  see,  ill  a  circle  of  about 
;i7  degrees  in  diameter,  all  the  objects  situated  above  the  horizon, 
more  distorted  and  narrowed,  especially  in  height,  as  they  approach 
the  sensible  horizon.  "  Beyond  this  limit,  the  bottom  of  the  water 
and  the  submerged  objects  would  lie  reflected,  and  woidd  be  pictured 
to  the  sight  as  distinctly  iis  by 
tlircot  vision,  iloreover,  the 
cii-culiir  space  of  which  we 
have  spoken  would  ;ippear  to 
be  surrounded  by  a  perpetual 
minbow,  coloured  slightly,  but 
with  much  delicacy."  (Sir  J. 
Herscbol.) 

The  ]ilienomeuon  of  total 
retlectiou  also  explains  bow  it 
Imppens  that  an  isosceles  and 
rectangular  ghuss  prism,  fitted 
to  tlie  oj>ening  of  the  shutter 
of  a  camera  obscura,  intercepts 
all  the  light  coming  from  the 
outside,  and  leaves  the  room 

in  the  most  complete  obscurity.  The  rays  which  enter  the  prism 
by  its  pcq>eudicular  side  do  not  suffer  refraction,  but  when  they 
have  arrived  at  the  oblique  surface,  the  angle  of  incidence  is  45 
degrees ;  that  is  to  say,  greater  than  tlie  limiting  angle.  The  total 
reflection  takes  place,  and  there  is  uo  emergence.  The  rays  which 
alone  could  enter  w{juld  be  due  to  oblique  incidences,  which  are 
l>revented  by  the  tube  containing  the  prism. 


*J84 


PHYSICAL  FHHSOMESA, 


IMRiK    III. 


Tlie  pheiioiuenon  of  retraction  occurs  wlieuever  a  ray  passes 
obliquely  fi-rjiu  one  medium  into  another,  provided  that  they  differ  in 
nature  and  density.  It  is  evident,  then,  that  the  luminous  rays 
emanatin<^  from  planets,  the  sun,  the  m(K>n,and  tixed  stars,  which,  after 
having  travelled  through  the  celestial  space,  have  to  traverse  tiie  strata 
of  our  atmosphere  befoi-e  reaching  the  eye,  are  subjected  to  refraction. 
Hence  then  we  do  not  see  these  bodies  in  the  direction  of  the  riglit 
lines  which  really  join  each  of  them  to  the  position  which  we  occupy 
on  the  surface  of  the  earth.  There  is  no  exception  except  for  those 
situated  at  the  zenitli  (»f  each  horizon.  Atmospheric  refraction 
depends  cm  the  angular  height  of  the  body  ol>served  above  the 
horizon  ;  it  depends,  likewise,  on  the  law  which  regulates  the  decreas(^ 


/.■  ■' 
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of  density  of  the  strata  of  air  constitutiiig  the  atmosphere.  As  we 
have  at  present  very  uncertain  data  concerning  this  law,  it  would  be 
very  difficult  to  measure  directly  the  deviations  which  conejspond  tu 
the  various  heights  of  bodies.  Happily,  astronomy  has  come  to  the 
help  of  jihysics.  As  the  angular  distance  of  a  star  fn»m  the  celestial 
IK)le  remains  invariable,  it  follows  that,  whatever  may  l)e  the  height 
to  which  the  diurnal  movement  brings  it  above  tlie  horizon,  the  difVer- 
«*nces,  which  observation  indicates  between  the  distances  oVitained 
from  the  greatest  elevation  and  at  the  horizon,  can  only  j)roceed  from 
atmospheric  refraction.  Hence  it  is  possibh*  to  construct  a  table  of 
astronomical  refractions  from  the  lioriz<ni  to  the  zenitli. 
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At  the  horizon  the  refraction  is  nearly  .'U'.  As  the  diameters 
(if  the  sun  and  moon  have  a  less  value,  it  follows  that  at  sea,  when 
no  ohject  hides  the  horizon,  the  disc  of  the  sun  at  sunrise  would 
appear  entirely  above  the  liquid  surface  before  the  top  of  that 
liuninary  had  emerged  above  the  real  horizon.  The  day  is  thus 
found  lengthened  in  the  morning  by  refraction,  and  the  same  thing 
happens  in  the  evening  with  the  setting  of  the  sun. 

The  same  phenomenon  accounts  for  the  peculiarity  observed 
in  many  eclipses  of  the  moon,  that  the  Litter  body  is  seen  eclipsed, 
while  the  sun  is  still  visible  above  the  east(*rn  horizon.  I^astlv,  it  is 
atmospheric  refraction  which,  in  total  eclipses  of  the  moon,  allows 
a  certain  numl)er  of  solar  rays  to  reach  our  satellite,  preventing 
its  disc  from  being  completely  invisible.  This  disc,  then,  presents  a 
very  marked  reddish  colour,  similar  to  the  tint  of  the  atmosphere 
at  sunset. 
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CIIAITEU  VI. 

UEFUAfTl'tV   OK   l.UiHT. — I'UISMS   AMI   LKXSIX 

Tnuupuent  platnt  with  parallel  Guvii ;  deviation  of  luminous  tii,vs— Multiiile 
inin^ei  in  a  Bilvered  mirrnr — PriKUib — Phenomena  of  rvfrartion  in  prbms-- 
I'oQTerging  and  dirergin^;  lenseu — Rml  and  virtual  fiiri  of  convei^ing  len^M  ; 
rent  and  virtual  images — Foci  and  image*  of  diTerging  leoMS— Dark  chamber— 
Megafcope — Magic  lantern  and  phantaacope — Solar  microscope. 

IITIIKX  a  luininoiiR  point  is  examined  thmii^h  a  plate  of  trans- 
parent  substance,  glass  fur  iostance,  the  two  plane  faces  of 
whicli  tire  parallel,  if  the  eye  anil  tlie  luininons  point  are  on  the 
Mine  j)crpcn<licular  in  regard  to  the  plate,  the  luminous  point  is 
goen  in  the  direction  where  it  would  lie  seen  without  the  inter- 
{Hisition  of  a  refractive  nieilium.  This  is  the  case  because  there  is 
no  refraction  for  normal  raja,  that  is  fur  rays  falliof;  perpendicularly 
on  a  surface. 


V.iit    til.-   s:irii.-   n-nlt   .!< 
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simple  experiment.  Take  a  sheet  of  gloss,  place  it  upon  a  piece 
of  paper,  upon  which  straight  and  curved  lines  have  been  drawn 
in  such  a  manner  that  the  glass  only  covers  one  part  of  the  lines. 
If  we  look  at  it  perpendicularly,  we  shall  observe  that  the  lines  seen 
through  the  glass  are  a  continuation  of  the  lines  seen  by  direct 
vision.  If  we  look  at  it  obliquely,  we  shall  notice  a  deviation, 
a  solution  of  continuity,  the  more  marked  as  the  incidence  of  the 
luminous  rays  is  more  oblique.  This  deviation  is  due  to  refraction, 
and  it  increases  with  the  tliickness  of  the  plates. 

It  evidently  follows  from  this  that  transparent  plates,  such  as 
window-panes,  and  the  glass  used  to  cover  engravings,  distort  the 
images ;  but  this  defect  is  scarcely  perceptible,  and  is  rarely 
remarked. 

When  we  speak  of  deviation,  we  mean  lateral  displacement^  for 
the  luminous  ray  which  traverses  one  or  more  plates  with  parallel 
faces,  preserves  after  its  emer- 
gence a  direction  parallel  to  that 
of  the  incident  ray,  as  shown  in 
Fig.  206.  This  property  is  a  con- 
sequence of  the  ^mrallelism  of  tlie 
normals  to  the  points  of  incidence 
and  emergence  as  well  as  of  the 
laws  of  refraction  for  two  media, 
the    refractive   power  of   which  rm.3«i-p«ihof  •luminou.iwnfn. 

is    known.     Experiment   proves 

that  the  rays  are  always  parallel  when  they  emerge,  after  having 
traversed  any  number  of  plates,  even  when  these  plates  are  not 
formed  of  the  same  substances  and  when  they  are  not  all  parallel 
to  each  other ;  and  theory  foresaw  this  result.  Again  the  same  result 
is  produced  when  plates  of  different  substances  are  so  arranged. 
The  lateral  displacement  depends,  in  every  case,  on  the  refractive 
power  of  the  substances  and  the  thickness  of  the  plates. 

If  we  place  a  candle  in  front  of  a  silvered  mirror,,  and  hold 
it  obliquely  so  as  to  examine  the  imt^,  we  shall  perceive,  before 
the  bright  image  formed  on  the  inner  silvered  face,  a  more  feeble 
image  proceeding  from  the  outer  fiice  of  the  glass,  and  also  a 
series  of  images  still  less  brilliant  behind  the  tirst.  These  latter 
imi^es   are   due   to  the  rays  which,  after  being  refracled  the  first 
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time  in  t)iu   tliickiioss  of  the  plato,  are   pnrtially  reHucteil    by  tliu 
silvered  suiface  and  by  the  interior  aurfaee  of  the  external  plane 


of  till'  mirror.      Ki;.'.  I'llS.  which  -;tvcs  the  succcssivi'  patli  <A  llic 
ri.ys.  accounts  for  i]u>  ph.'iioiiicTn.n  «.-  h;iv.-  j^ist  dv'^rrih.''!. 
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We  will  now  examine  tlie  phenomena  which  depend  on  the 
rerraction  of  light,  when  it  traverses  a  refmctive  medium,  the  plane 
I'ncea  of  which  are  not  parallel,  that  is  to  say,  in  prisms. 

Fig.  209  shows  both  in  perspective  and  in  section  the  geometrical 
form  of  a  prbm  as  used  in  optics.  For  the  convenience  of  experi- 
ment, the  pnsm  is  mounted  on 
a  stand,  in  such  a  manner  that 
it  can  be  turned  round  or  in- 
clined at  will  (Fig.  210). 

The  effect  of  a  prism  on  a 
luminous  tay.  which  enters  ob- 
liquely at  one  of  its  faces,  tra- 
verses the  prism,  and  emerges 
I'rom  the  other  face,  is  to  de- 
viate the  ray  towards  the  side 
which  constitutes  the  base.  It 
ia  sufKcient  for  us  to  examine 
Fig,  211,  which  shows  the  path 
of  the  incident  and  refi-acte<l 
rays,  to  pittve  this:  the  inci- 
dent ray  8  i  after  the  first  re- 
fraction takes  the  path  I  P.  in 
the  prism,  is  again  refracted 
on  emerging  from  the  prism, 
and  finally  issues  in  the  direc- 
tion E  R.  Tins  is  coufinneil  by 
observation,  for  if  we  examine 
ail  object  through  a  prism,  by 
)diicing  its  edge  in  a  honzontid 
)i(isition,  the  image  ajipeui-s  fiu.  hl— i)«vuiiuuuriuii>Lii<juini)'>i>/pri3iii.. 
raised  up,  if  the  base  is  be- 
low; and  it  is  lowered,  if  the  base  occupies  the  reverse  position.  In 
fact,  the  eye  seea  the  luminous  points  in  the  direction  of  the  raya 
which  leave  the  prism.  If,  as  we  have  just  seen,  the  bundle  of  ruvs 
diverges  and  approaches  the  h&HQ  of  the  prism,  their  convergem-e 
will  take  place  towards  the  summit,  and  the  eye  will  sec  the 
point  raised  or  lowered  aecordinj;  as  tliu  base  is  above  or  beUiw 
the  iippitsile  anyle. 


-'y  I'in.HfCAI.  f'URSOilUSA  ;>'k  (rL 

Tlifc  •lrr.-/thi,i^  of  til*  rjvi  jri':r(^%^  with  ti*  an;;**  of  lli*  pri-nt, 
wli'rn  lli«  artit';  i>\  \w\'\''.wm  iA  t'n*  ray*  r^uisiDi!  lf»e  sariK.  For 
till  «t»i'^  [triTfi,  if!  i.Tiiji'iTlion  nft  tti*  inct'iiriit  raj  approaches  the 
wimtiti  th«;  a(i:/l<:  '>f  er(K:?;:,";ri'>-  increaM^^,  an<l  there  u  a  direction 
in  whicih  th<:  nyi  ftttiin  th*  Utnitin'^  »ag\i-  of  total  i^Aection,  wh^n 
theiR  i"  no  tn'ire  ftrn«-{*;iv*.  Thifl  dependj,  bow«er,  on  the  sub- 
ntnwiH  of  which  thft  priitm  in  iximpow^. 


rii  till-  r.iH.;  of, I  KliiHs  ]>n:titi  of  4rr,  (ill  rnvfl  wiiicli  fiill  below 
Mm!  i)i>niiul  tdWiin's  llin  hsini:  cannot  ciiicrfif ;  lint  lliose  which  fall 
IjiwiipIh  iIh-  NiiiJiniil  hci'unt;  i-nicr^i-nt  niys.  If  the  niif,'Ie  of  the 
pritiii  in  <liinl>lf.  llnit  in  tu  wiy,  ft  ii;;ht  niijjli-,  n»  Inniinoiis  ray, 
whhitrvcr  iTiiiy  Im  ilM  iin-iili'inM',  run  cuicr;;!?  (int  of  the  |irisiji;  so 
thnt   Hii.'h  Fi  [irisTn,  with  ii  Miir-kcnt-il  liasc,  if  i.l;ic.>.l  jit  tlu'  opening 
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of  a  sliiittur  ill  a  dark  room   in   a   transverse   position,  and  so   as 
to  cloae  the  opening,  wonld  allow  no  luminous  ray  to  enter. 

We  shall  presently  describe  other  phenomena  of  great  intenst, 
obtained  by  the  aid  of  prisms,  through  which  rays  from  different 
light-sources  pass;  phenomena  which  show  t]iat  white  light  is 
formed  of  a  multitude  of  rays  of  different  colours,  each  being 
refracted  in  a  different  degree.  This  is  called  tbe  decomposition 
or  dispersion  of  light  Kut  having  now  dealt  with  dfvvilion,  we 
must  tirst  consider  the  path  of  a  my  when  it  traverses  transparent 
media  with  curved  surfaces. 

LEKSES. 

If  we  constnict  of  glass,  or  of  other  transparent  substance,  a 
ilisc  with  two  convex  faces,  that  is  to  say,  two  sc^^eirts  of  a 
sphere  with  their  bases   in   conjunction,  we  liave  what  is  called  a 


a  —  IliignlWng  (:1ua  or  lens  wl 


lens.  The  name  is  taken  from  the  resemblance  which  exists  between 
the  form  of  such  a  mass  and  that  of  the  well-known  vegetable — 
the  lentil. 

There  are  various  kinds  of  lenses;  tliat  which  we  are  about  to 
describe,  wliich  forms  the  instrument  called  the  magnifying  glaas, 
i.i  used  by  almost  every  one,  as  for  instance  naturalists,  engravers, 
watchmakers,  &c.,  who  wish  to  enlarge  the  smallest  parts  of  objects 
so  aa  to  be  able  to  see  them  in  detail. 

There  can  be  no  doubt  that  glass  lenses  and  their  magnifying 
u2 
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efiTects  have  been  known  for  ages.  Analogous  objects  have  been 
found  in  the  ruins  of  Nineveh,  Pompeii,  and  Herculaneum.  Spec- 
tacles have  been  used  in  Europe  since  the  beginning  of  the 
fourteenth  century.  But  it  is  only  for  the  last  three  hundred 
years  that  the  knowledge  of  the  laws  of  refraction  has  enabled 
opticians  to  construct  and  to  combine  lenses,  so  as  to  obtain  various 
desired  effects  with  accuracy. 

Physicists  have  extended  the  name  of  lenses  to  all  transparent 
masses,  terminated,  at  least  on  one  side,  by  curved,  spherical,  or 
cylindrical  surfaces,  even  when  these  surfaces  are  concave  instead  of 
convex,  as  in  the  magnifying-glass.  More  often,  and  indeed  when- 
ever the  contrary  is  not  stated,  the  surfaces  of  lenses  are  both 
spherical;  or  one  may  be  plane,  and  the  other  sphericaL  We  shall 
thus  regard  a  lens  throughout  this  work.  All  lenses  may  be  con- 
veniently grouped  in  two  classes,  according  to  the  path  which  the 
light  which  traverses  them  follows.   Some,  as  in  the  magnifying-glass, 


Fio.  214. — Converging  lenses.— Bi -convex  leus  ; 
plano-cuQvex  leus ;  converging  rueuiscua. 
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Fio.  215.— Diverging  lenHfs. — Bi  c'on«^vc  leus  ; 
plano-concave  leus ;  diverging  lueuiscus. 


are  converging,  that  is  to  say,  the  luminous  rays  after  their  passage 
through  the  lens  are  drawn  together ;  others  are  diverging,  because, 
on  the  other  hand,  the  rays  become  more  distant  from  each  other,  or 
diverge  either  on  entering,  or  issuing  from,  the  refractive  medium 
f)f  which  they  are  formed.  These  can  be  very  simply  distinguished 
at  first  sight,  for  converging  lenses  are  always  thicker  at  the  centre 
than  at  the  circumference,  while  diverging  lensos  are  thinner  at 
the.  centre  than  at  the  circumference. 
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The  type  of  converging  lenses  is  the  magnifyina  glass  or  l)i-convex 
lens,  the  two  surfaces  of  which,  generally  of  the  aarne  curve,  are 
convex.  Next  wc  have  the  ])lano-convex.  lens,  one  surface  of  which 
is  plane,  the  other  convex.  Lastly,  the  tliinl  converging  lens  is  the 
converging  riienixcm,  one  surface  being  concai'e  and  tlie  other,  a 
more  decided  curve,  is  rounded  or  convex.  Fig.  211  gives  the  form 
of  each  of  these  lenses  seen  edgewise,  supposing  tlie  section  to 
he  made  in  the  direction  of  diameter. 

The  type  of  diverging  lenses  is  the  bi-concave,  formed  of  two 
concave  surfaces.  Next,  the  plano-concave  lens,  one  surface  being 
concave,  the  other  plane;  and  the' diverging  meniscus,  the  two  sur- 
faces of  which  are,  one  convex,  the  other  concave,  tliis  latter  having 
a  sharp  curve. 

We  may  also  state  that  the  principal  axis  of  a  lens  is  tlic 
right  line  which  passes  through  the  centres  of  the  spheres  to 
which  their  surfaces  belong,  or,  if  one  of  these  is  plane,  the  line 
which,  from  the  centre  of  the  curved  surface,  fells  perpendicularly 
on  the  plane  surface.  In  converging  lenses,  the  axis  passes  through 
the  lens  at  its  greatest  thickness;  while  witli  divei^nt  lenses  it 
is,  the  reverse. 

Without  the  aid  of  experiment,  the  known  laws  of  refraction 
indicate  to  us  that  a  ray  of  light 
which  is  prop^ated  in  the  direction 
of  the  axis,  will  traverse  the  \cnn 
without  deviation  and  will  continue 
its  path  in  the  line  of  the  axis, 
exactly  as  if  it  normally  traversed 
a  plat«  with  parallel  faces. 

There  are  other  lines  which  have 
an  analogous  property,  and  which  are 
called  Mcomlary  axes.  They  are  those 
lines  which  cut  the  principal  axis  at 
the  middle  of  the  maximum  or  mini- 
mum thickness:  lui'  (Kig.  21C)  is  a  secondary  axis  in  each  of  the 
lenses  represeuted.  When  a  luminous  ray  N  i  on  entering  follows  the 
direction  of  one  of  these  lines,  it  emerges  in  a  direction  v'  l'  parallel 
to  that  of  the  incident  ray;  and  as  the  thicknesses  of  lenses  are 
generally  very  stnuU,  it  may  be  said  that  the  incident  ray  and  th* 
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emergent  ray  pass  in  the  direction  of  the  secondary  axis.  The 
op/ical  centre  of  a  lens  is  the  point  where  tlie  principal  axis  and 
the  secondary  axes  meet.  The  optical  centre  is  still  in  the 
interior,  if  the  two  surfaces  have  not  the  same  curvature,  but  it  is 
no  longer  situated  at  an  equal  distance  from  the  two  surfaces.  For 
plano-convex  and  plano-concave  tenses,  the  optical  centre  is  on  the 
curved  surface ;  in  the  converging  and  diverging  meniscus  lenses, 
it  is  outside  the  lens. 

These  definitions  being  understood,  let  us  now  examine  the  path 
of  light  through  a  bi-convex  lens.  If  we  place  it  facing  the  sun,  so 
that  its  principal  axis  is  parallel  to  the  rays  of  light  issuing  from  that 
luminary,  and  then  receive  the  light  which  emerges  tram  the  lens 
on  a  screen  placed  a  abort  distance  on  the  other  side  of  it,  we  shall 


perceive  on  the  screen  a  lumiuous  circle,  the  cleaniess  and  dimen- 
sions of  which  depend  on  the  distance  of  the  screen  from  the  lens. 
When  we  move  it  further  away  or  nearer  to  the  screen,  we  find  a 
position  when  this  brightness  will  be  at  its  maximum,  and  the 
clearness  of  the  circular  image  will  be  greatest  and  its  magnitude 
the  least  This  would  be  a  mathematical  point,  if  the  source  of 
light  were  itself  a  point.  This  point,  to  which  the  parallel  rays  con- 
verge after  their  refraction  to  the  principal  axis,  is  called  the 
principal  focus  of  the  lens.  The  distance  f  a  from  the  focus  tu 
the  lens,  which  is  called  the  principal  focal  distance,  depends  both 
on  the  substance  of  which  the  lens  is  made  and  on  tlie  curvature 
of  its  surfaces.  The  greater  the  curvature,  the  less  is  the  focal 
distance,  which  is  expressed  by  saying,  that  the  lens  is  of  short 
focus. 
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If  a  k'liM  14  placed  iti  the  upeuiii^  nf  ii  dark  rioiii,  tlie  coii- 
vei'guiit  jmtli  uf  (lie  sunlight  CAti  Ije  tr.iced  in  the  air,  because  tlii> 
liiaiiiiuus  Ciiiie  render^)  evident  the  [mrticlea  uf  dust  uhieh  tly  alxiiit 
in  the  room. 

The  coiivei-geiice  of  luminous  niys  piotluctid  by  bi-con^ex  lenses 
iviulily  explains  the  path  of  I'cfnictcd  liylit  Unwiyh  a  prism.  Tlie 
ellect  produced  l>y  this  latter  iiiediiuu  is  to  cause  the  luminous  ray 
to  appi-oach  the  base  of  the  prism.  Now,  u  bi-i.oiivex  lens  may 
l>e  eousidereil  :is  an  iisseinblage 
of  sut>erptisc'd  prisms,  tlie  anj^le 
lM.'ing  more  acuK;  as  it  Q])proucIies 
tlie  principal  axis,  while  the 
iteviatiuii  is  <jreater  as  the  an^'lu 
is  more  obtuse.  Fij;. '^18  shows 
t  b  i3  con  vergeoce.and  experiment 
iif^rees  with  theoiy  in  sliowinf; 
that  the  point  of  meeting  is  on 
the  jirincipal  axis,  provided  that 
the  rays  are  very  near  the- axis,         — 

\/Lit  tis  examine  (he  diileront 
i-iivumstances  which  I'esult, 
when  the  luminous  jioint  s 
(Fig.  211»)  ia  near  the  lens,  and 
ill  the  principal  axis.  The  ex- 
planation is  the  same,  when  thc 
himiiious  niys,  instead  of  start- 
in*;  lixtin  a  iRiint  stuiate<l  at  an 
intiiiite  distance,  proceed  fiiiui 
a   liyht    situated   on   the    axi.s  '' " 

at  a  finite  distance.     Only,  in 

this  case,  the  focii.-i  does  not  coincide  with  the  priucijuil  focus.  As 
long  as  this  jioint  is  on  one  side  of  the  lens,  beyond  its  focal  distance. 
its  focus  s  is  formed  on  the  axis  beyond  tlie  principal  focus,  uud 
the  more  it  approaches,  the  more  distant  is  the  focus.  If  it  doea 
not  hapiH'ii  to  be  more  distant  from  the  lens  than  double  the  focal 
distance,  the  corresponding  focus  is  prccbely  at  the  same  distance. 
If  it  again  aiiproaches  the  leii.'i.  the  focus  continues  to  recede,  until 
the   luminou.s   ]K)int,   attaining   the   focal   distance   itself,   its   fo('n> 
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(lifiHp))cant,  or  in  iitli<-r  wonU  it  is  situattrd  at  ao  infinite  distance 
t)ie  niyfi  lesvin;^  the  lens  {mralleL 

Hitliirrt'i  thi:  tjtn\i;r^fnix  of  luniiiiuiis  rays  lias  leen  really 
efTectcd  aftt;r  Ihfrir  deji^irture  from  the  lens;  the  focm  is  rtal ; 
wbicli  it  is  easy  to  jirove  hy  receiving  the  luminous  cone  on  a 
Mcreen  where  the  c<>n<jentrateil  raj's  will  produce  an  image  of  th*.- 
oliject, — a  luminous  jxiint,  for  instance,  if  the  object  itself  is  a 
luniinons  point.  Again,  the  two  pi^ints  of  the  axis  where  we  lin<l 
tlif!  olijeirt   ill   oil'!   |iirt,  and  the  tVjcus  in   another,   are    reciprocal 


■Ml-  to  the  other,  that  is  to  say,  if  the  focus  becomes  the  luminous 
point,  the  litxt  ]>osition  of  the  luuiinous  jHiint  marks  the  new 
focus  (Fig.  2111).  This  ih  the  reas^m  why  physicists  give  to  tho*e 
|>oints,  the  fooil  distance  of  whieli  cau  be  found  by  calculatinii, 
t  lio  name  of  emijinjittr  fii-.i.  The  same  fact  has  been  proved  in  the 
case  of  mirrors. 

The  Iniiiinoiia  point  s  approaches  fmrn  the  piinctpal  focus  towanls 
Ihu  lens,  (ill  its  dis- 
tance is  less  than  the 
Iccjil  distance  (Fig.  2211). 
Tiieu,  the  luminous 
rays,  after  emergence, 
recede  from  ihe  axis  or 
diverge,  sd  lh;it  ihcre  is 
no  longer  a  real  focus. 
It  is  iinw  im  loTigcr 
yu-.A\Ai-  lo  <-..llo<t  tl... 
.-(■(s  the  hiiiiiiionf!  nn.-^ 
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tts  if  they  emauatoil  from  this  focus,  an<l  the  impreasion  tliey  receive 
is  that  of  the  image  of  the  luminous  ])oint. 

The  ue.irer  the  object  approaches  the  leiis,  the  more  does  tlie 
image  itself  appioach  it;  and  when  the  object  comes  into  contact  with 
the  transparent  surface,  the  image  anives  there  at  the  same  time. 

These  resnits  can  he  proved  both  by  calculation  and  experiment. 
I^et  U9  examine,  experimentally,  images  Iwth  real  and  virtual,  which 
are  fonned  at  the  focus  of  a  bi-convex  lens  or,  in  general,  of  a 
ronvergent  lens,  when  it  is  placed  opposite  a  lununous  object 

We  have  already  seen  how  the  image  of  an  object  whose  dis- 
tance may  Lie  considered  as  infinite,  and  which  sends  to  the  leni^ 
a  beam  of  parallel  rays,  is  formed ;  it  is  thns  tliat  the  sun  pro- 
duces an  image  in  the  principal  focus  of  the  lens. 


If  the  object  A.  B  is  at  a  finite  distance,  more  than  donhle  of 
the  principal  focal  distance,  it  will  be  real,  inverted,  and  smaller 
than  the  object. 

This  may  be  proved  by  recoivini;  the  image  of  a  lighted 
caudle  on  a  screen  which  we  can  move  nearer  ot  further  away 
ri'iiui  a  lens,  until  we  obtain  a  perfectly  clear  image.  As  tlie 
distiiicc  of  tlie  candle  diminishes,  the  image,  which  is  always  real, 
will  rcL'Cile  and  become  larger,  until  it  is  of  precisely  tlie  samt* 
size  at  the  object  itself.  If  the  distjinces  are  measured  which 
separate  tiie  lens  from  the  screen  and  from  the  candle,  they  are 
fuimd  to  be  ei|ual,  and  each  is  double  thut  of  the  iiriiiciiml  focal 
distitnce.  As  the  candle  continues  to  approach  the  h'U.s,  tlie  real 
image  eubi'^'cs  and  recoilcs;  and  it  is  then  larger  than  the  object 
(see    Figs.    'I'l'l   and   Tl'^).      We  must   increase  the  distance  of  the 
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Hureeu  it'  wu  wish  fur  iileariiess,  but  it  will  be  sueii  timt  the  biightiieiis 
dimiiiishes,  wliich  is  explained  by  tlie  dispersion  of  the  litiniiioiis 
r.iys  proceediug  from  the  lens  oil  a  siirfnce  which  inci-eases  <iiuckt'i' 
than  the  quantity  of  light  received. 
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'When  the  candle  has  arrived  at  the  focal  distance,  the  iiiDige 
disappears;  and  this  is  easily  explained,  for  as  the  rays  issue  parallel 
to  the   axis,   there   can   no   longer   hn  convergence.     Thus  far,  the 


image  has  always  l)een  real ;  in  other  words,  it  lias  iilwaya  heon  piissihli- 
lo  receive  it  on  a  screen  ;  its  existenue  luis  been  iridcpeinlfnt  nI' 
tlie   observer.      This  will  no  longei'  be  the  isi.si'  if  we   ointinue   !<■ 
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advance  tlie  candle  or  other  luminuus  object  tti\Yards  tite  leiis ;  fur 
then  the  screen  placed  at  any  distance  will  ouly  give  diffused  light. 
If,  liowever,  instead  and  in  place  of  the  screen,  we  substitute  our  eyes, 
we  shall  see  through  the  leus  an  image  of  the  caudle,  no  longer 
inverted,  but  erect  and  magnified.  How  then  does  it  happen  that 
the  eye  receives  the  sensation  of  an  image  which  is  not  then  real  ? 


pUccd  betwHn  thv  priadpal  fociu  uid 


The  luminons  rays  which  each  of  the  points  of  the  object  eends 
to  the  lens  issue  from  the  refractive  medium  in  a  divergent  form. 
The  eye  which  receives  them  undei^goes  the  same  sensation  as  if 
it  were  acted  upon  by  rays  emanating  directly  from  luminous 
points  situated  on  the  other  side  of  the  lens,  but  at  a  much  greater 


Fio.  tas,— Frtnclpil  vlrtul  Eicot  or  dirtrcliii 


distance  than  the  object  to  which  they  belong.  Hence,  the  increase 
of  apparent  diniensions ;  and  also,  the  direction  of  the  image,  which, 
becoming  virtual,  ceases  to  be  inverted  (Fig.  224).  In  this 
instance,  in  proportion  as  the  object  approaches  the  lens  the  image 
diminishes,  until  it  touches  one  of  the  surfaces  of  the  lens,  when 
the  image  becomes  sensibly  equal  to  the  object  itself.  These  an; 
the  images  produced  by  converging  lenses. 
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Uivergiriy  lenses  liave  no  real  focus.  For  example,  in  the  case 
of  ft  bundle  of  rays  jmraHel  to  llie  axis— which  occurs  when  the 
liinitiious  point  is  sittiiitt-d  on  the  axis  at  an  infinite  distance — in 
issuing  from  the  lens  the  rays  diverge;  their  point  of  intersection 
is  situated  on  the  axis  in  front  of  tite  lens,  and  is  calle<l  the  principal 
focus,  a  focus  which  is  no  longer  real  but  virtual  The  eye  wliich 
receives  the  divergent  beam  emerging  from  the  lens  experience 
the  same  sensation  as  if  there  was  actoaliy  a  luminous  point  at 
the  focus. 

Diverging   lenses   do  not    produce    a  real   image,   because   the 
luminous  rays,  on  emerging  from  a  refractive  medium,  are  separated 
from  each  other,  and  have  no  effective  point  of  union.     But  if  we 
apply  to  thom  the  treatment  before  adopted  in  the  case  of  the 
erect  and  virtual  image 
given  by  a  converging 
lens,  we  perceive  that 
the  images  of  diverging 
lenses  are  likewise  vir- 
tual  and   erect.     But 
there    is    this    differ- 
ence,  viz.   that    their 
Fio.  s«a.-Erf.t  virtiuii  inHRH  umatirr  th.n  thr  uijwi  apparent     dimension.'' 

are  always  less,  than 
those  of  the  objects  which  they  represent.  Fig.  220  indicates 
the  cause  of  this,  and  enables  us  to  understand  why  imiigcs,  which 
liecome  smaller  tm  the  object  is  more  distant,  attain  the  size  of 
the  object  itself,  when  this  latter  touches  the  lens. 

Both  converging  and  diverging  lenses  are  used  in  the  construction 
of  numerous  optical  instruments,  in  astronomical  telescopes,  micro- 
sfoj)es,  liglithouses,  Ac. 

We  shall  describe  the  most  important  of  these  in  the  volume 
which  troati  of  the  "  A]>pIication  of  Physias,"  and  shall  see  how 
wonderfully  science  is  concerned  in  these  operations.  We  shall 
here  confine  ourselves  to  the  construction  of  the  most  simple 
instnimcnts,  in  which  real  images  are  cuiised  to  iiroduce  various 
optical  ffltTt« ;  thesi-  iiri'  ])rincipally  the  camera  obscui-a,  the 
megascoiie,  the  mn^i-;  lantern,  the  solar  niicioscoix),  and  the 
phanta.sco|»(\ 
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In  considering  the  propagation  of  light  in  right  lines,  we  have 
aeen  that  if  a  small  hole  is  made  in  the  shutter  of  a  perfectly 
dark  room  the  iiiuige  of  exterior  objects  ia  thrown  on  the 
■  sereen.  This  inverted  image  is  only  distinct  in  the  case  of  distant 
ohjects.  To  obviate  this  inconvenience  and  to  give  hrighti 
to  the  images,  Porta  conceived  the  idsa  of  teceivin;:;  the  liyht  on 


Fio  m— Gwain 


a  spliencftl  conca\e  niiiTor  whith  reflects  both  the  rajs  and  the 
image  on  the  <?crten  But  he  also  obtained  efietts  much  moi-e 
remarkable  by  placing  a  converging  lens  in  the  hole  of  a  shutter, 
when  the  imaTea  of  outer  objet-ts  w(,re  found  to  bi  given  with 
(hstniLtnesa  on  a  screen  the  distance  of  winch  from  the  opening 
of  the  shutttr  vaiied  with  the  distance  of  the  objects  themstlves. 
It  la  easy  to  determine  this  distance  by  moving  the  screen  back- 
wanls  and  forwanls  Designers  empky  this  dark  chamber  in 
(jrder  to  traue  on  paper  the  ontliiie"  of  a  landscape  they  maj  w  ish 
to  produce  Ihey  nidkt,  use  ol  it  in  the  form  indicated  in  tig. 
211      In&tciid  ol   J.  lens    thej   uhu  a  piisiu  (tij,   228)    the  side  of 
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which,  turned  towards  the  oliject,  ia  convex,  and,  by  total  reflection 
from    its   plam:   surface,  which   ia   inclined  at  45°,  it   projects  the 
lieam   of  ]i;;;ht  upon  the  table,  on  which  is 
placed  white  paper.     The  image  thus  formed 
is  perfectly  clear,  and  the  draughtsman  baa 
niithing  to   do   but    follow   the    outlines   in 
pencil      Thi3    modification    of    the    camera 
ob-tcura  ia  due  to  M.  C.  Chevalier,  the  optician. 
The   megaacope  is   a  dark   chamber   naed 
fnr  the  purpose  of  reproduciuy  an  object  on 
a  large  scale,  such  as  a  statuette,  or  picture. 
Fig.  220  will  save  ua  a  more  detailed  descrip- 
tion.    We  may  remark  that,  as  the  bright- 
ness of   the   object  is  enfeebled   by  the  dis- 
persion due  to  enlargement,  a  mirror  is  used 
to  project  tKe  sun's  rays  on  the  object,  and 
to  obtain  a  sufficiently  intense  light. 
The    magic    lantern    is   a    megascope   in   which   the   object    is 
illmninated  by   means   of   a   reflecting  lamp.      I!y  t!ic  use  of  this 
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apparatus,  the  enlarged  images  of  pictures  painted   on   glass   with 
transparent   colours  are  projected  on  a  screen.     Tlie  tube   tlirougli 
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which  the  iiivert€fl  drawings  fire  placed  encloses  a  system  of  two 
lenses,  one  plnno-convex,  the  other  bi-convex,  which  produce  an 
erect  image  on  a  screen  in  fnmt  of  the  instrument.  By  using 
Dninimond's  light  to  ilhiminate  the  ohjects,  far  more  brilliant 
images  are  obtained;  and,  by  moving  the  screen  further  away  ami 
bringing  the  lenses  nearer  together,  the  images  can  be  greatly 
enlarged. 

Towanla  the  end  of  the  last  century,  a  Belgian  physicist, 
T!ol>ertsoii,  obtained  au  extraordinary  success  by  exhibiting,  in 
]>ublic,  apparitions  of  phautoms,  which,  in  the  profouod  darkness 
surrounding  the  sjiectators,  appeared  to  gradually  advance  into  tlie 
middle  of  the  room,  and  to  iuci'easc  in  size.  This  was  done  by 
means  of  an  apparatus  called  n  pliantascope.  analogous  to  the  magic 
lantern,  that  is  to  say,  consisting  of  a  box,  containing  a  reflecting 
lamp,  and  furnblied  with  a  tube  Imvintr  the  same  system  of  two 
houses  to  project  the 
image  of  a  drawing 
(>u  a  screen  placed 
in  front  of  llie  in- 
Rtrunicnt.  But  in 
this  case  the  lantern 
is  supported  by  a 
moving  table,  one 
"f  llie  fwt  of  »l,idi  „„  „  .„.^,  ,..„„ 

has  a  pulley  com- 
municating its  niovemcut  to  the  lenses  through  the  intervention 
of  an  eccentric  and  lever.  ^\*heu  the  table  moves  further  from 
the  screen,  the  plano-convex  lens  approaches  tlie  convex  lens,  the 
image  increases,  and  the  illusion  is  produced  in  a  much  more  com- 
pHe  manner  than  by  the  aid  of  a  moveable  diaphragm ;  the  light 
which  the  image  receives  varying  in  proportion  to  its  size.  Robertson, 
who  owed  tlie  secret  of  this  invention  to  an  artist  named  Waldecli, 
was  careful  to  exclude  all  extraneous  light;  and,  to  avoid  any  noise 
jii-odHced  by  the  apparatus,  the  wheels  were  covered  with  wool. 
l{e  further  augmented  the  illusion  by  imitating  the  noise  of  thunder, 
rain,  the  cries  of  animals,  Sec. 

In   Fig.   231,   a  double  lantern  is  shown,  from  which,  besides 
the   image   of  the   spectre   or   any   other  fantastic   personage,  that 
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of  a  landsGApe  in  barmoiiy  with  tlie  scene  pi'oduced,  can  be   pro- 
jected on  the  screen. 

Tlie  flame  double  apparatus  also  gives  polyoramic  views;  that 
is,  efl'ects  of  varied  landscapes,  a  succession  of  day  and  night,  cahii 
sea  and  tempest,  &c.  Each  hin- 
tern  is  diajioscd  in  such  a  manner 
as  to  project  each  double  view  at 
the  same  jilace  on  the  screi:!!- 
One  of  tliem  is  at  first  closed, 
and  a  landscape  illuminated  by 
tlie  sun  is  seen ;  by  degrees  the 
li<,'lit  diminishes,  twilight  comes, 
then  night,  and  imperceptibly  tlie 
second  view  is  substituted  fur 
the  first.  Children,  and  even 
gi'own  persons,  often  admire  these 
pictures  and  effects  of  light ; 
l.lie  principle  interests  us  here, 
rather  than  the  dehiiLs  of  the 
mechanism. 
_  We   sliall   only  insist   on   tlii-s 

point,  viz.  that  Ibc  dark  chamber, 
megascopes,  magic  lanterns,  and  phantascopes  are  all  based  on  the 
formation  of  real  images,  by  means  of  converging  lenses. 

Such  is  also  the 
^^^T^'^^TTJ  principle    of    the 

solar  microscojie, 
which  is  not  less 
interesting  than 
the  instruments 
liefoi-e  described, 
mid  certainly  more 
useful  for  the 
study  and  t«ach- 
ing  of  science. 

Tlie    solar    nii- 

cioseo}>e  is  used  to 

cuuiiideiiibly  enlarged  foiin 


ii- 


project  the  image  of  a  small  object,  in  ; 
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on  a  screen.  It  is  a  megascope  with  the  advantage  of  easy  use, 
and  of  showing  the  enlarged  ohject  to  a  large  nunil>er  of  spectators. 
To  this  end,  the  ohject  is  ])laced  a  little  heyond  the  principal  focus 
of  a  lens  of  short  focus.  The  enlargement  is  more  considerable  as 
the  distance  of  the  object  from  the  focus  decreases.  But  the  image 
w^ill  be  formed  at  a  much  greater  distance  from  the  lens;  and,  the 
greater  the  magnifying  power,  the  more  will  the  light  be  diffused, 
and  consequently  enfeebled ;  hence  the  necessity  of  illuminating  the 
object  as  brightly  as  possible,  so  that  the  image  may  retain  a 
sufficient  degree  of  distinctness.  This  is  why  either  the  rays  of 
the  sun,  or  those  of  a  very  intense  source  of  light,  such  as  the  electric 
light,  are  used.     A  mirror  reflects  and  projects  the  rays  of  light  on 
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a  lens  of  large  a]>erture,  which  causes  them  to  converge  for  the  first 
time ;  a  second  lens  concentrates  the  rays  still  more  ;  and  at  the  focus 
the  object,  the  details  of  which  we  desire  to  examine,  is  placed. 
Figures  2.S2  and  2133  represent  the  solar  microscope  and  its  internal 
construction.  Tlie  gas  microsco])e  is  that  in  which  l)rummond*s  light 
is  used  to  illuniiiuite  the*  object ;  and  the  photo-electrical  one  that  in 
which  the  brilliant  voltaic  arc  supplants  the  solar  rays. 

Nothing  is  more  curious  than  to  see  the  magnified  images  of 
the  various  organs  of  the  smallest  animals ;  the  infusoria  which  live 
in  a  drop  of  fermenting  liquid ;  the  decomposition  of  w^ater  into 
gaseous  globules  of  oxygen  and  hydrogen  ;  the  crystallization  of 
salts ;  and  the  structure  of  animal  and  vegetable  tissue. 
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CHAPTER  Vir. 

COLOURS:    THE    COLOURS    IN    LIGHT    SOURCES,    AND    IN    NON-LUMINOUS 

BODIES — DISPERSION  OF  COLOURED  RAYS. 

White  colour  of  the  sun's  light — Decomposition  of  white  light  into  seven  simple 
colours ;  solar  spectrum — Recomposition  of  white  light  by  the  mixture  of  the 
coloured  rays  of  the  spectrum — Newton's  experiment ;  unequal  refrangibility 
of  simple  rays— Colours  of  non-luminous  bodies. 

rpHE  light  which  physicists  take  as  a  type  of  all  others  as  regards 
■^  colour  is  that  of  the  sun.  That  the  light  of  the  sun  is  white 
may  be  proved  by  a  very  simple  experiment.  If,  in  the  interior  of  a 
dark  room,  the  solar  light,  after  passing  through  a  hole  in  the  shutter, 
is  received  directly  on  a  piece  of  white  paper,  the  imago  of  the  sun  on 
the  paper  will  be  found  to  be  a  round  white  spot.  If  this  experiment 
were  not  made  in  a  daik  room  it  would  be  inconclusive,  because  the 
paper  would  receive,  in  addition  to  the  solar  rays,  rays  reflected  from 
the  surface  of  other  bodies  differently  coloured. 

But  this  white  light  is  not  simple.  It  is  composed  of  a  multitude 
of  colours  or  tints,  which  are  themselves  simple  colours.  This  has 
been  proved  beyond  doubt  by  a  series  of  experiments  which  have 
been  made  under  diverse  conditions,  and  which  are  principally  due  to 
Newton.     We  will  indicate  the  most  striking  of  these. 

If  we  place  in  the  path  of  the  solar  rays,  after  their  passage 
through  the  round  hole  of  the  shutter  of  a  dark  room,  a  triangular  flint- 
glass  prism  in  such  a  manner  that  its  edges  are  placed  horizontally 
(Fig.  234),  and  that  the  beam  enters  it  obliquely  by  one  of  its  surfaces, 
we  shall  see  on  the  screen,  at  a  certain  distance  above  the  point  where 
the  spot  of  light  appeared  before  the  interposition  of  the  prism,  a  pro- 
longed luminous  band,  formed  of  a  series  of  extremely  bright  colours ; 
this  band  is  called  the  solar  spectrum.  The  following  is  the  order 
in  which  the  colours  succeed  each  other  when  the  prism  has  its  base 
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upwards ;  the  order  ia  the  reverse  wheu  the  base  is  turned  dowu- 
wards.  At  the  lower  CKti-emity  of  the  spectrum  ia  a  bright,  fuU  red, 
to  which  succeeds  au  orange  tint,  and  this  passes  by  imperceptible 
gradations  into  a  magnificent  straw-yellow.  Tlien  comes  a  green  of 
remarkable  purity  and  intensity ;  then  a  greenish  blue  tint ;  and  then 
a  decided  blue  colour,  which  becomes  eventually  indigo.  After  the 
indigo  succeeds  violet;  the  palest  shade  of  wliiuh  ends  the  spectrum. 


Plate  IV.,  Fig.  1,  shows  the  series  of  colours  of  the  solar  spectrum 
as  obtained  by  a  prism  filled  with  bi-aulphide  of  carbon.  Thus  a  ray 
of  white  light  is,  as  we  have  before  stated,  the  reunion  of  a  series  of 
coloured  rays,  of  which  we  have  mentioned  only  the  principal;  for, 
the  transition  of  one  colour  into  another  is  made  in  such  an  imper- 
ceptible mauuer,  that  there  is  no  abrupt  change  of  colour  nor  solu- 
tion of  continuity.'  Such  is  the  phenomenon  of  the  decomposition,  or 
analysis,  of  white  light,  which  is  also  called  the  dispersion  of  the 
coloured  rays. 

'  Except  by  llie  very  tine  black  Uues,  of  which  we  Hhult  speRk  furthei'  vo. 
X2 


308  PHYSICAL  PHENOMENA.  [book  hi. 


The  dispersion  of  light  by  refraction  is  manifested  to  us  every 
day  by  numerous  phenomena,  some  of  which  the  ancients  also 
observed,  but  without  suspecting  the  true  cause.  Precious  stones, 
such  as  diamonds,  emit  lights  of  different  colours  ;  and  the  decomposi- 
tion of  light  by  one  of  its  facets  is  not  one  of  the  least  beauties  of 
this  precious  substance.  The  rainbow  is  a  phenomenon  due  to  the 
same  cause,  as  we  shall  show  when  we  come  to  the  description  of 
meteors.  It  is  the  same  with  the  various  colours  which  tint  the  clouds 
and  atmospheric  stratiEt  at  the  time  of  sunrise  or  sunset.  Lastly, 
in  glass  vessels  containing  transparent  liquids,  and  in  pieces  of  glass 
cut  as  lustres,  we  see  in  certain  directions  iridescent  fringes,  presenting 
the  colours  of  the  spectrum  in  all  their  purity. 

A  second  experiment  proves  that  each  of  the  colours  of  the 
spectrum  is  simple,  and  that  the  degree  of  refrangibility  increases  from 
the  red  to  the  violet.  This  experiment  consists  in  allowing  a  narrow 
beam  of  the  coloured  light  to  pass  through  a  small  hole  made  in  the 
screen,  at  the  point  where  the  red  light  falls,  for  instance ;  when  this 
is  received  on  a  second  screen  (Fig.  234),  it  forms  a  red  image  at  a 
point  which  is  carefully  noticed.  If,  instead  of  receiving  it  directly  on 
this  screen,  a  second  prism  is  interposed,  the  luminous  beam  is  again 
deviated  to  a  higher  point  than  before.  But  the  new  image  is  red, 
like  the  first,  and  of  the  same  form  if  the  prism  is  properly  placed ; 
therefore,  the  red  light  of  the  spectrum  cannot  be  decomposed.  The 
same  experiment,  repeated  with  other  colours,  gives  analogous  results. 
All  the  colours  of  the  solar  spectrum  then  are  indecomposable  or 
simple ;  but  tlieir  refrangibility  increases,  for  it  is  noticed  that  the 
distances  between  the  rlirect  images  of  the  colours  on  the  screen  and 
the  image  obtained  by  refraction  in  the  second  prism  are  greater  as 
the  colour  is  nearer  the  extreme  violet  of  the  spectrum. 

If,  instead  of  a  prism  formed  of  Hint-glass,  we  use  prisms  of  other 
solid  or  liquid  refractive  substances,  we  obtain  spectra  more  or  less 
brilliant,  and  more  or  less  elongated;  if  tlie  prisms  are  colourless, 
the  spectra  are  composed  of  the  above  colours,  arranged  in  the  same 
order ;  but  tlieir  proportions — that  is,  the  spaces  occupied  by  each  of 
them — vary  according  to  the  nature  of  the  substance,  whilst  the  order 
of  the  colours  remains  tlie  same.  Flint-i^lass,  among  solids,  gives  the 
most  extended  spectrum,  especially  at  tlie  violut  end,  and  bi-sulphide 
of  carbon  among  liquids. 
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The  angle  of  the  prism  also  uitlueBces  the  length  of  the  Bpectrum 
produced,  which  is  greater  as  tlie  angle  is  more  obtuse.  This  fact  may 
be  easily  proved  experimentally,  by  the  aid  of  prisms  having  various 
angles,  of  which  we  have  spokeu  above.  Thus,  white  light  is  decom- 
posed by  refraction  into  rays  differently  coloured,  and  the  colour  of 
each  of  the  rays  corresponds  to  a  particular  degree  of  refrangibility. 

This  is  the  analysis  of  light. 

But,  if  such  is  indeed  the  composition  of  light,  white  light  ought 
to  be  produced  by  uniting  all  the  colours  of  the  spectrum  in  proper 
proportions. 

Various  experiments  confirm  this   consequence   of  the   analysis 


iif  light.  Most  of  thera  are  due  to  Newton,  who  described  them 
in  his  "  Optics,"  and  they  are  reproduced  in  the  present  day  with 
very  slight  modifications.  The  most  simple  experiment  of  this 
nature  consists  in  receiving  on  a  converging  lens  the  solar  spectrum 
produced  by  a  prism.  On  placing  a  screen  of  white  paper  at  the 
focus  where  the  rays  of  the  different  colours  are  brought  to  a  point  (it 
is  the  conjugate  focus  of  the  point  whence  the  rays  emerge  from  the 
prism)  a  white  image  of  the  sun  is  seen  (Fig.  235).  By  bringing  the 
screen  nearer  to  the  lens,  the  separated  coloured  rays  again  reappear, 
brighter  as  the  screen  is  gradually  brought  nearer  the  lens.  On  the 
other  hand,  if  the  screen  is  moved  away  from  the  lens,  starting  from  the 
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He  also  tried  to  obtain  a  white  tint  by  tlie  mixture  of  certain 
proportions  of  various  colouriid  powders.  Orpimeiit  (orange-yellow 
sulphide  of  areenic)  niixed  witli  purple,  green,  brown,  and  blue 
gave  hira  a  composition  of  an  osli-colouretl  yrey,  which,  when  exposed 
to  sunlight  and  compared  with  a  piece  of  white  paper  of  the  same 
size  placed  by  the  side  of  the  mixture  and  in  the  shade,  appeared  of 
a  brilliant  white.  Newton  explains  the  grey  colour  of  mixtures  of 
this  kind  by  the  absorption  of  light,  and  it  was  to  obviate  tliis 
diminution  of  brightness  that  he  thought  it  better  to  illuminate  the 
composition  strongly  by  the  solar  rays. 

Lastly,  if  a  disc,  divided  into  sectors  coloured  with  the  prin- 
cipal colours  of  the 
spectrum,  is  caused  to 
revolve  rapidly,  in  pro- 
portion as  t!ie  rotation 
increases,  the  indi- 
vidual colours  disap- 
pear from  the  eye. 

TJie  disc  ultimately 
assumes  a  tint  which 
approximates  to  white 
according  as  the  true 
proportion  of  the  ilif- 
ferent  colours  has  been 
the  better  observed. 
It  will  be  uiiderstocRl 
that  when  tlie  succes-  ''"-  s:iT.-K...".Mi«,i.Lun  .^  wi.iit iiui.t  ^s » ■^v..ui.,g .i,«. 
sive  impressions  of  the 

different  colours  on  the  retina  are  confused,  in  consequence  of  the 
rapidity  of  the  movement,  it  is  ns  if  the  rays  made  their  impres- 
sion simultani'-oualy,  and  the  sensation  whiuh  is  produced  is  that 
of  white.  Tlie  same  experiment  can  be  very  simply  shown  by 
si>iniiing  a  top,  the  surface  of  which  is  divided  into  sectors,  in  the 
direcliun  of  meridional  lines,  and  painted  with  the  colours  of  the 
spectrum.  This  will  appear  white  or  a  greyish  white  in  proportion 
as  its  rotation  is  the  more  rapid,  and  the  coloui-s  will  gradually 
i-eaiipcar  as  the  motion  slackens. 

The  phenomena  which    we   have   just   described    are    produced 
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which  is  presented  to  us  when  it  is  illuminated  by  a  very  pure  white 
light,  as  by  sunlight.  If  its  surface  has  the  property  of  absorbing  all 
the  coloured  rays  of  the  spectrum  with  the  exception  of  one,  red  for 
example,  the  body  appears  to  us  red,  because  it  only  reflects  to  our 
eye  the  red  rays  of  the  spectrum.  If  this  surface  absorbs  but  a  limited 
number  of  coloured  rays,  the  colour  of  the  body  will  be  that  which 
proceeds  from  the  mixture  of  the  non-absorbed  rays ;  and  this 
explains  the  considerable  number  of  colours  and  shades  of  bodies, 
which  indeed  are  much  more  varied  than  those  of  which  the 
spectrum  itself  is  composed. 

That  substance  which  is  able  to  reflect  in  an  equal  proportion  all 
the  colours  which  compose  white  light,  is  itself  white,  and  it  is 
brighter  according  as  this  proportion  is  greater.  On  the  other  hand,  as 
this  proportion  diminishes,  the  white  colour  diminishes  in  intensity, 
and  becomes  a  deeper  and  deeper  grey,  lastly  attaining  black,  when  the 
absorption  of  all  the  coloured  rays  of  the  spectrum  is  as  complete  as 
possible.  Black  bodies  are  therefore  those  whose  molecular  constitu- 
tion is  such,  that  all  the  rays  which  constitute  white  light  are 
absorbed  by  their  surface ;  whilst  white  bodies  are  those  which  reflect 
them  all,  and  coloured  bodies  are  those  which  reflect  certain  rays  and 
Hbsorb  others.  If  this  explanation  is  true,  it  is  susceptible  of  many 
experimental  verifications. 

Let  us  take  a  white  body  and  arrange  it  so  that  it  only  receives 
the  yellow  rays  of  the  spectrum.  This  is  easily  done  by  placing  it 
in  a  dark  chamber,  and  admitting  only  the  yellow  rays  of  the  spec- 
trum obtained  by  means  of  a  prism.  The  body  will  appear  yellow. 
It  would  be  red,  green,  blue,  &c.,  if  it  were  lighted  up  by  red,  green,  or 
blue  rays.  On  the  contrary,  a  black  body  will  remain  black  whatever 
the  colour  by  which  it  is  illuminated.  Lastly,  a  red  body  will  appear 
of  a  deep  red,  if  it  is  lighted  up  with  the  light  proceeding  from  the 
red  rays  of  the  spectrum,  whilst  it  will  appear  black,  if  we  expose  it 
to  the  rays  of  other  colours. 

Experiment  confirms  these  results.  It  is  observed,  however,  that 
coloured  bodies  take  the  tint  of  the  rays  which  illuminate  them,  even 
when  these  rays  are  not  of  the  colour  of  tliese  bodies ;  and  that  tliis 
tint  is  much  brighter  where  there  is  greater  analogy  Ixitweeu  their 
own  colour  and  that  of  the  rays  with  which  they  are  illuminated. 
Thus  "verinili(Mi  place<i  in  red  appears  of  a  most  brilliant  red;  in 


t  IX  SOUHCEii  OF  LIGHT. 


315 


Mms  an  omnge  and  yellow,  btit  its  bright- 

e  iilso  give  it  their  colour,  l)ut,  on  account 

f  the  red  to  reflect  the  gieeii  Ii<;lit,  it  appears 

ii;3  still  more  so  in  the  blue,  and,  in  indigo  and 

i.     On  tlie  other  hand,  a  piece  of  dark  blue  or 

:  Hikes  uu  extraordinary  brilliaucy,  when  exposed 

In  green  it  becomes  green,  but  not  very  bright; 

>Li-iirly  black."     (Sir  John  Herscliel.) 

must  therefore  be  thus  understood:  that  the  sur- 

i'ldies  are  generally  apt  to  reflect  the  rays  of  a 

.1  much  greater  quantity  than  those  of  other  rays ; 

■  III  their  predominant  colour.     These  surfaces,  ncver- 

■  iitirely  altsorb  the  other  rays,  and  that  prevents  them 

ifcctly  black  when  they  are  illuminated  by  coloured 

III  from  those  which  they  generally  reflect. 

lira  of  bodies  are  seldom  identical  with  those  composing 

-pectrum,   as   they   are   principally   composite;    evidence 

iiin  be  obtained  by  submitting  them  singly  to  analysis  by 

ii.     Tliis  analysis  gives  a  spectrum  fonned  of  various  simple 

the  mixture  producing  the  particular  colour  observed.     It  is 

lit  to  look  at  a  coloured  object,  as  a  flower  or  a  piece  of  dyed 

through  a  prism,  to  see  that  the  edges  of  the  image,  parallel  to 

fdge  of  the  prism,  are  banded  like  the  rainbow. 

If,  instead  of  illuminating  a  coloured  body  by  the  white  light  of 

!■;  sun,   or   by  one  or  other  of  the  simple  colours  of  which  this 

)ght  is  composed,  we  use  other  luminous  snurces,  such  as  the  light  of 

a  lamp  or  artitieial  flames,  tbe  colour  is  found  to  be  altered.     Thus 

we  all  know  that  green  ajipeais  blue  by  the  light  of  a  lamp.     But 

let  us  flrst  liuish  what  we  have  to  say  of  Newton's  theory  concerning 

the  colours  of  non-luminous  bodit»). 

In  endeavouring  to  penetrate  more  deeply  into  the  causes  of  this 
phenomenon,  Xewton  suppased  that  the  incident  light  is  decomposed 
at  the  surface  ;  one  part  is  absorbed, — extinguished  in  opaijue  bo 
and  transmitted  in  transparent  ones ;  the  other  part  is  reflected  bj 
superficial  molecules, — at  a  very  little  depth  in  opaque  bodies,  u 
any  depth  iu  transparent  onus.     Tliis  explains  why,  in  the  lattei 
colour  of  transmitted  light  is  generally  diETeient  &om*t]>*t  of  i^ 
light.     For  example,  we  have  seen  that  gold  ledu 
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thin  leaves  allows  a  greenish  blue  light  to  pass  through  it,  while  its 
reflected  colour  is  yellow,  or  reddish  yellow.  "  Halley,  having  de- 
scended to  a  depth  of  several  fathoms  in  a  diving  bell,  saw  that  the 
upper  part  of  his  hand,  on  which  fell  the  solar  rays  after  passing 
through  a  glazed  opening,  was  of  a  crimson  colour ;  the  under  part, 
which  was  illuminated  by  light  reflected  from  deep  water,  appeared 
green ;  whence  Newton  concluded  that  water  allowed  the  red  rays  to 
pass  through  it  and  reflected  the  violet  and  blue."     (Daguin.) 

We  must  distinguish  between  light  reflected  regulariy,  or  specu- 
larly, and  that  diffused  light  which  is  scattered  from  the  surfaces  of 
bodies.  The  first  has  nothing  to  do  with  the  colour  of  bodies ;  and 
indeed  we  know  that  perfectly  polished  bodies  represent  the  images 
of  the  bodies  they  reflect,  coloured  like  the  bodies  themselves ;  while 
their  own  colour  remains  unperceived. 

To  what  modification  is  light  which  is  diffusely  reflected  sub- 
mitted? How  does  the  structure  of  bodies  act  on  the  different 
coloured  rays,  so  as  to  reflect  some  and  extinguish  others  ?  Is  it  the 
form,  density,  refractive  power  of  the  niolecules,  or,  rather,  is  it  these 
united  elements  which  give  place  to  the  phenomenon  of  various  color- 
ations? These  are  excessively  subtle  questions,  which  cannot  be 
answered  with  exactitude  in  the  present  condition  of  science. 


M 
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CHAPTER  VIII. 


COLOUKS. 


Classification  of  colours — Tones  and  scale  of  the  colours  of  the  solar  spectrum,  after 
the  method  of  M.  Chevreul — Chromatic  circles  of  pure  and  subdued  colours  ; 
tones  and  scales — Complementary  colours. 

rriHE  white  light  of  the  sun,  decomposed  by  means  of  a  prism, 
-*-  produces  a  series  of  colours  which  correspond,  as  we  have 
seen,  to  different  degrees  of  refrangibility.  These  colours  are,  so  to 
speak,  infinite  in  number,  as  they  pass  from  one  end  of  the 
spectrum  to  the  other  by  imperceptible  shades ;  but  it  is  customary 
to  distinguish  seven  principal  colours,  the  names  of  which,  taken 
in  their  natural  order,  form  a  crude  Alexandrian  verse  : 

Violet,  indigo,  blue,  green,  yellow,  orange  and  red. 

Some  physicists,  believing  in  the  possibility  of  reproducing  some 
of  these  colours  by  the  mixture  of  othei-s, — green,  for  example,  being 
obtained  by  the  juxtaposition  of  yellow  and  blue,  violet  by  that  of 
blue  and  red,  and  so  on, — have  endeavoured  to  prove  that  the  spec- 
trum is  only  formed  of  three  elementary  colours.  According  to 
Brewster  these  colours  would  be  red,  yellow,  and  blue ;  according  to 
Young  red,  green,  and  violet.  The  proportions  in  which  they  are 
mixed  in  the  different  parts  of  the  spectrum  would  account  for  the 
variety  of  shades  of  which  it  is  composed.  In  the  present  day,  these 
theories  are  rejected ;  the  experiments  by  which  they  were  supported 
having  been  proved  to  be  inexact.  All  the  colours  of  the  spectrum 
are  therefore  simple  colours,  the  number  of  which  can  be  considered 
as  infinite ;  although,  in  practice,  they  are  reduced  to  seven  principal 
colours. 

White  is  not  a  simple  colour,  but,  on  the  contrary,  the  most 
complex   of  the   composite   colours.     Black   is  not  a  colour;  it  is 
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the  complete  absence  of  all  light.  As  to  the  composite  colours 
which  natural  bodies  present  to  us,  they  are  due  to  combinations, 
in  various  proportions,  of  all  the  elementary  colours. 

A  very  simple  experiment  proves  that  the  combination  of  all  the 
rays  of  the  spectrum  is  necessary  to  produce  perfect  light.  It  consists 
in  intercepting  a  certain  portion  of  the  spectrum,  before  it  falls  on 
the  lens  which  is  used  for  the  recomposition  of  the  light.  Thus, 
if  the  violet  be  intercepted,  the  white  will  acquire  a  tinge  of 
yellow;  if  the  blue  and  green  be  successively  stopped,  this  yellow 
tinge  will  grow  more  and  more  ruddy,  and  pass  through  scarlet 
to  orange  and  blood-red.  If,  on  the  other  hand,  the  red  end  of  the 
spectrum  be  stopped  and  more  and  more  of  the  less  refrangible  por- 
tion thus  successively  abstracted  from  the  beam,  the  white  will  pass 
first  into  pjile,  and  then  to  vivid,  green,  blue-green,  blue,  and  finally 
into  violet.  If  the  middle  portion  of  the  spectrum  be  intercepted, 
the  remaining  rays,  concentrated,  produce  various  shades  of  purple, 
crimson,  or  plum-colour,  according  to  the  portion  by  which  it  is 
thus  rendered  deficient  from  white  light;  and,  by  varying  the 
intercepted  rays,  any  variety  of  colours  may  be  produced ;  iwr  is 
there  any  shade  of  colour  in  nature  which  may  not  thus  he  exactly 
imitated  with  a  brilliancy  and  richness  surpassing  that  of  any 
artificial  colouring. 

The  number  of  composite  colours,  obtained  by  the  combination 
of  simple  colours,  or  the  different  coloured  rays  of  the  spectrum, 
increases  tx)  an  almost  indefinite  amount.  But  we  shall  presently 
see  that  it  is  possible  to  increase  them  still  more,  either  by  the 
addition  of  a  certain  quantity  of  white  light,  or  by  the  mixture 
of  black  in  various  proportions. 

Two  colours  which,  by  their  combination,  produce  white  are 
called  complementary  colours. 

There  is  a  very  simple  method  of  determining  the  groups  of 
colours  which  possess  this  property:  it  consists  in  the  interception, 
as  it  issues  from  a  lens,  of  a  portion  of  the  convergent  beam 
about  to  meet  at  the  focus.  This  portion  received  on  a  second 
prism  will  be  deviated,  and  will  give  a  colour  whicli  will  he  evidently 
complementary  to  the  colour  produced  at  the  focus  of  the  lens,  as 
before  their  separation  they  formed  white. 

Helmholtz  discovered,  by  a  different  process,  which  consisted  in 
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receiving  the  spectrum  colours  through  slits  in  a  screen  and  then 
concentrating  them  by  a  lens,  that  there  is  an  indefinite  number 
of  groups  of  two  colours  susceptible  of  forming,  by  their  mixture, 
perfect  white.  The  following  are  some  of  the  results  obtained  by 
that  physicist: — 

Complementary  Colours.  Intensities  of  the  two  Colours. 

Violet  —  greenish  yellow 1         —        10 

Indigo  —  yellow 1         —  4 

Blue    —  orange 1         —  1 

Greenish  blue  —  red 1        —  0*44 

The  numbers  which  follow  these  groups  measure  the  relative  in- 
tensities of  each  of  the  colours  and  refer  to  a  bright  light; 
they  vary  when  the  incident  light  itself  varies  in  intensity. 
Helmholtz  has  devised  an  extremely  simple  method  of  studying 
the  resultant  of  the  mixture  of  two  colours,  one  of  the  first,  the 
other  of  the  second  colour.  When  an  unsilvered  glass  is  placed 
vertically  between  them,  one  of  the  discs  is  seen  directly;  the 
other  through  the  transparent  plate.  Moreover,  the  first  is  seen  a 
second  time,  by  reflection.  If  it  is  then  placed  in  such  a  position 
that  its  image  appears  superposed  upon  the  disc  seen  through 
the  glass,  the  two  colours  will  be  found  naturally  blended,  and 
one  can  easily  judge  of  the  shade  produced  by  their  composition. 
Thus,  also,  two  discs,  coloured,  the  one  by  chrome  yellow,  the 
other  by  cobalt  blue,  produce  pure  white ;  which  proves  that  these 
colours  are  complementary. 

To  sum  up,  a  simple  or  composite  colour  always  has  its  comple- 
mentary colour;  moreover,  it  has  an  infinity  of  them,  for  if  to  the 
complementary  colour  we  add  white  light  in  variable  proportions, 
the  resultant  can  only  be  white.  But  this  rule  can  only  be 
applied  to  clear  colours,  that  is  to  say,  those  which  are  not  altered 
by  any  proportion  of  black  ;  in  this  case,  instead  of  perfect  white, 
a  grey  or  gi'eyish-white  would  be  obtained. 

Lastly,  the  mixture  of  complementary  colours  only  produces 
white  when  it  is  not  a  material  mixture ;  if  material  colours  are  used, 
moistened  in  whatever  way,  or  even  in  a  pulverulent  state,  the 
mixture  will  only  give  a  more  or  less  decided  grey.  If  the  colours, 
whether  simple  or  composite,  are  indefinite  in  number ;  if  the  mixture 
in   different  proportions   of    white   or  black   again   multiplies   that 
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number  ;  it  is  no  less  true  that  the  eye  can  only  appreciate  a  limited 
quantity.  Yet,  if  it  were  possible  to  collect  in  one  scale  all  the 
shades  of  colours  presented  to  us  by  Nature,  and  to  distinf^uish 
them  from  each  other,  we  should  be  astonished  at  the  richness  and 
magnificence  of  that  palette.  The  leaves  and  flowers  of  plants, 
the  skins  of  animals,  the  brilliant  colours  which  the  feathers  of 
birds  possess,  the  wings  of  butterflies  and  other  insects,  shades 
of  different  minerals  and  shells,  would  furnish  elements  of  the 
innumerable  series  of  natural  colours,  and  would  pass  from  one 
shade  to  another  by  imperceptible  gradations.  Thus  we  could 
have  a  classification  of  colours  derived  from  natural  objects. 

Colours  used  in  the  arts  are  probably  much  more  restricted ;  we 
can  nevertheless  form  an  idea  of  their  number  by  this  fact — that 
the  Somans  used,  it  is  said,  more  than  30,000  tints  in  their  mosaics. 

But  even  this  number,  precisely  because  it  is  considerable,  causes 
the  want  to  be  felt  of  a  proper  classification  of  colours  and  their 
shades,  which  would  enable  them  to  be  defined  by  showing  their 
relationship  to  a  fixed  type,  determined  once  for  all.  We  all  know 
that,  in  industries  and  the  arts,  the  nomenclature  of  colours  is 
very  arbitrary  or,  at  least,  varies  in  one  art  or  industry  from  another : 
the  names  are  borrowed  from  natural  objects,  minerals,  flowers, 
fniits,  and  animals,  but  there  is  no  line  of  gradation  between  them. 
In  order  to  obviate  the  inconveniences  resulting  from  this  confusion, 
M.  Chevreul,  celebrated  for  his  chemical  labours  and  his  study  of 
colours,  proposed  a  classification  of  colours  and  their  shades.  Tlie 
principles  and  basis  of  this  we  will  now  describe. 

According  to  M.  Chevreul,  a  substance  possessing  any  one  of  the 
colours  of  the  spectrum  can  only  be  modified  in  four  difl'erent  ways  : 

1.  By  white,  which  reduces  it  in  intensity. 

2.  By  hlacky  which  diminishes  its  specific  intensity. 

3.  By  a  certain  colour,  which  changes  the  specific  property  with- 
out rendering  it  less  bright. 

4.  By  a  certain  colour  which  changes  the  specific  property 
and  renders  it  less  bright,  so  that  if  the  effect  is  carried  to  tlie 
highest  degree,  it  results  in  black  or  normal  grey,  represented  by 
black  mixed  with  wliite  in  a  certain  proportion. 

To  expn'ss  all  these  modifications,  M.  Chevreul  uses  the  following 
expressions,  which  once  defined  iiui  ii(»  longer  be  equivocal  : — 
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He  calls  the  torus  of  a  colour  the  different  degrees  of  intensity 
to  which  this  colour  is  susceptible,  according  as  the  matter  which, 
presents  it  is  pure  or  simply  mixed  with  white  or  Uack;  the. sca/e, 
the  whole  of  the .  tones  of  the  same  colour ;  the  sluides  of  a  colour, 
the  modifications  which  it  undergoes  by  the  addition  of  another, 
colour  which  changes  it  without  rendering  it  less  bright;  lastly, 
the  sttbdued  scale,  the  scale  whose  light  tones  as  well  as  the  dark 
ones  are  tarnished  .with  black.  M.  Chevreul  obtained  a  scale 
sufficiently  extensive  for  the  principal  colours  and  their  tones  and 
shades  by  the  following  means:  — 

Having  divided  a  circle  into  seventy-two  equal  sections,  he  placed, 
at  equal  distances,  three  patterns  of  tinted  wopl,  one  red",  another^ 
yellow,  the  third  blue ;  as  fresh  and  pure  as  possible,  and  of  the 
same  intensity  of  colour.  Between  these  three  sections,  and  at 
an  equal  distance  from  each,  he  placed  orange  betweep  .tlie  red  and 
yellow,  green  between  this  latter  and  the  blue,  and  violet  between 
the  blue  and  red.  By  continuing  in  the  same  manner  successiy^ 
intercalations  of  intermediate  colours  and.  shades,. he  at  last  obtained 
what  he  called  a  chromatic  circle  of  fresh  colours,  so  as  to  re- 
produce the  spectrum  of  solar  light.  Plate  I.  is  a  reproduction  of 
this  first  circle. 

When  these  seventy-two  shades  were  obtained,  he  took  each 
of  them  to  make  a  complete  scale  formed  by  the  addition  of 
increasing  quantities  of  white  and  black,  in  order  to  have  ten  sub- 
dued tones  and  ten  tones  of  the  same  colour  rendered  clearer  by  white. 
Each  scale  therefore  comprised,  from  pure  white  to  pure  black, 
which  were  the  extremities,  twenty  dififerent  tones,  of  which  the 
pure  colour  is  the  tenth,  starting  from  white.  Plate  III.  shows 
the  two  scales  of  yellow  and  violet  reproduced  according  to  the 
types  given  by  M.  ('hevreul.^ 

From  this  first  combination  there  are  already  1,440  different 
tones,  all  deduced  from  the  chromatic  scale  of  pure  colours ;  but 
in  successively  subduing  the  seventy-two  tones  of  this  circle  by 
the  addition  of  1,  2,  3,  &c.  tenths  of  black,  nine  circles  of  subdued 

^  "  Des  Couleurs  et  de  leurs  Applications  aux  Arts  industrieU  k  I'aide  des  Cercles 
chromatiques."  The  text  of  this  work  is  accouipanied  hy  twenty-seven  steel 
engravings,  coloured  by  Rend  Digeon.  Thanks  to  the  kind  ])emus.sion  of  M. 
(Jhevreul,  we  have  been  able  to  repi-oduce  three  of  these  beautiful  plates  here. 

Y 
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colours  are  formed  (see  in  Plate  II.  the  chromatic  circle  of  subdued 
colours,  iV  of  black) ;  and  each  of  the  seventy-two  tones  which 
they  comprise  becoming  in  its  turn  the  type  of  a  scale  of  twenty 
new  ones  proceeding  from  white  to  black,  there  follows,  for  the 
complete  series,  a  scale  of  14,400  tones,  to  which  must  be  again 
added  the  twenty  tones  of  normal  grey,  which  makes  14,420 
different  tones. 

It  is  evident  that  such  an  extensive  scale  ought  to  suffice  for 
most  of  the  scientific  and  industrial  applications,  and  will  most 
frequently  exceed  the  wants  of  artists.  Unfortunately,  the  rigo- 
rously exact  material  reproduction  of  all  these  colours  is  of  great 
difficulty,  and  it  is  no  less  difficult  to  preserve  the  types  when 
once  they  are  obtained.  Tlie  chromatic  construction  of  M.  Chevreul 
must  be  reproduced  in  unalterable  colours, — for  instance,  in  pictures 
enamelled  on  porcelain.  Scientific  research  would  not  be  less 
interested  than  the  arts  to  possess  fixed  types,  to  which  the  colours 
of  natural  objects,  so  often  changed  by  time,  would  be  brought 
back  ogain  by  the  help  of  the  order  of  numbers,  and  thus  made 
easy  of  reproduction. 
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CHAPTER   IX. 

LINES   OF   THE    SOL.\R    SPECTRUM. 

The  discoveries  of  WoUaston  and  Fraunhofer ;  dark  lines  distributed  through  the 
different  pi\rts  of  the  solar  spectrum— Spectral  lines  of  other  luminous  sources — 
Spectral  an  dysis  ;  spectrum  of  metals  ;  inversion  of  the  spectra  of  flames — 
Chemical  analysis  of  the  atmosphere  of  the  sun,  of  the  light  of  stars,  nebulae, 
and  comets. 

"VTEWTON,  in  studying  the  different  parts  of  the  solar  spectrum* 
-^^  by  means  first  of  circular  and  afterwards  of  elongated  apertures, 
could  not  distinguish  any  indication  of  the  precise  limits  of  its 
various  colours:  they  appeared  to  blend  with  one  another  in  an 
imperceptible  manner  and  without  interruption.  He  was  persuaded, 
however,  by  his  experiments,  that  the  coloured  rays  which  constitute 
white  light  possess,  from  the  extreme  red  to  the  extreme  violet, 
all  possible  degrees  of  refrangibility,  and  lie  regarded  each  of  these 
rays  as  simple  and  homogeneous,  imagining  that  the  light  de- 
composed by  the  prism  was  spread  out  in  a  continuous  manner 
throughout  the  whole  spectrum. 

It  is  curious  that  Newton  did  not  go  further — that  he  did  not 
reduce  the  aperture  to  a  fine  line  of  light,  in  which  case  the  colours 
would  have  been  seen  in  all  their  purity,  and  would  not  have  been 
mixed  and  confused  by  the  overlapping  of  each  colour  on  its 
neighbour. 

This  step  in  advance  was  reserved  for  the  beginning  of  the  present 
century,  and  then  a  great  discovery  was  made.  It  was  found  that 
here  and  there  in  the  different  colours  there  were  gaps  in  the  light ; 
in  other  words,  that  there  were  dark  lines  in  the  sun's  spectrum. 
This  was  first  detected  by  Wollaston  in  1802,  but  the  discovery  was 
independently  made  and  largely  elaborated  by  Fraunhofer. 

y2 


$U  PHYSICAL  PUENOMESA.  [book  iil 


Jfj^ph  Fraunhofer,  who  waa  bom  in  1787,  at  Straabio^,  a  little 
town  in  IkLVAria^,  wa4  the  iion  of  a  glazier.  He  was  at  first  a  worker 
in  glaii9,  but,  by  lalx^ar  and  perseverance,  succee^led  in  meriting  the 
rejmtation  of  teing  the  most  ingenkma  and  learned  optician  of  oar 
century.  Frannhofer  did  not  confine  himself  to  bringing  the  con- 
stroction  of  optical  instruments  to  a  perfection  then  unknown ;  but, 
a  consummate  observer,  he  employed  the  instruments  which  he 
manufactured,  to  make  varioas  discoveries,  amongst  which,  that 
Uf  which  we  liave  referred  U  one  of  the  most  curious  and  most 
fruitful  in  its  results. 

In  tlie  attempt  to  measure  the  refractive  indices  of  the  coloured 
rays,  and  to  find  particular  points  in  the  spectrum  capable  of  being 
used  as  marks,  Frauuhofer  discovered  the  great  fact,  that  the  light 
of  the  solar  spectnim  is  not  continuous,  that  it  is  divided  by  a 
multitude  of  fine  black  lines,  which  form  so  many  sharp  inter- 
ruptions in  the  luminuits  band. 

In  this  ex[>eriment,  which  rec^uired  the  most  deb'cate  manipula- 
tion, he  marie  use  of  a  prism  of  pure  flint-glass,  free  from  striae, 
upon  which  a  beam  of  sunlight  was  caused  to  fall,  which  had  pre- 
viously ymssed  through  a  very  fine  slit  parallel  to  the  edge  of  the 
prism.  The  spectrum  thus  obtained,  when  observed  by  means  of  a 
magnifying  glass,  showed  him,  instead  of  a  continuous  band  in  which 
the  colours  blended  with  each  other  without  interruption,  a  ribbon 
crossed  in  the  direction  of  its  width,  with  numerous  dark  and  black 
lines  very  unequally  spread  over  the  spectrum.  The  distribution  of 
these  lines  did  not  appear  to  have  any  relation  with  the  tints  of  the 
]irinc]i>al  colours. 

Fraunliofer  varied  this  experiment  in  a  variety  of  ways;  but, 
as  long  as  the  luuiiuous  source  was  sunlight,  either  direct  or 
reflected,  the  saiiic  dark  lines  always  appeared,  and  preserved  the 
same  relations  of  order  and  intensity.  If,  instead  of  a  flint  glass 
prism,  a  prism  of  any  other  substance,  liquid  or  solid,  is  employed, 
the  distanais  only  of  the  lines  vaiy,  but  otherwise  they  always 
occupy  the  same  j)Osition8  relative  to  the  colours  of  the  spectrum. 

Thfj  illu.striou.H  optician  of  Munich  studied  this  remarkable 
])h(?noni<*ii()n  with  infinite  care:  he  determined,  with  great  precision, 
tlu;  positions  of  r>8()  dark  lines,  and,  for  use  as  marks  and  com- 
pari>nn,  he  distinguished  among  this   numl>er  eight  principal  lines, 
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which  he  called  by 
the  first  letters  of  the 
alphabet.  The  solar 
spectrum  of  Plate  IV. 
shows  the  position  of 
these  lines,  as  they 
were  obtained  with  a 
prism  filled  with  bi- 
sidphide  of  carbon. 
The  lines  A,  B,  c, 
are  all  found  in  the 
red,  the  first  at  the 
extremity  of  the  spec- 
trum, the  second  at 
the  middle  of  the  red, 
and  the  third  at  a 
little  distance  from 
the  orange.  The 
double  line  D  forms 
nearly  the  limit  of  the 
orange  near  the  green ; 
E  in  the  middle  of  this 
last  colour  ;  F  at  the 
middle  of  the  blue ; 
G  and  the  double  line 
H  are,  one  at  the  end 
of  the  indigo  towards 
the  blue,  the  other  at 
the  end  of  the  violet. 
Since  1817,  when 
Fraunhofer  observed 
the  lines  which  bear 
his  name,  new  dark 
lines  have  been  no- 
ticed, and,  at  the  pre- 
sent day,  more  than 
2,000  have  been 
mapped  by  Kirch- 
hoff   and   AngstrSm. 
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We  obtain  some  idea  of  this  multitude  of  lines  in  examining 
Fig.  240,  which  reproduces  a  portion  of  the  solar  spectrum,  com- 
prised between  the  principal  lines  D  and  E.  Brewster,  a  physicist 
much  occupied  in  these  researches,  in  addition  to  the  usual  precau- 
tions indispensable  in  obtaining  a  clear  and  pure  spectrum,  increased 
the  sensibility  of  his  sight  by  using  ammonia  gas,  the  dissolving 
action  of  which  destroyed  the  fluid  veil  which  covers  the  surface 
of  the  eye. 

Fraunhofer  did  not  confine  himself  to  the  study  of  the  lines  which 
break  the  continuity  of  light  in  the  solar  spectrum ;  he  also  applied 
his  beautiful  method  of  observation  to  the  spectra  of  other  sources  of 
light.  And  at  first,  as  was  to  be  supposed,  he  found  the  same  lines  in 
the  bodies  which  reflected  solar  light  to  us,  such  as  clouds  or  pure 
sky,  moon  and  planets :  the  lines  were  the  same,  but  they  possessed 
less  intensity.  By  observing  the  spectrum  of  the  brightest  star, 
Sirius  for  example,  he  found  it  also  crossed  by  dark  lines ;  but  much 
less  numerous  and  not  distributed  in  the  same  manner  as  in  the 
solar  spectrum;  moreover,  he  discovered  that  the  lines  varied  in 
the  various  stars.  Lastly,  he  applied  the  same  method  of  observa- 
tion to  the  electric  light ;  and,  instead  of  dark  lines,  he  saw  in 
this  spectrum  a  certain  number  of  bright  lines. 

Such  are  the  celebrated  experiments  which  have  served  as  starting 
point*^  to  a  series  of  brilliant  discoveries,  the  whole  of  which  now 
constitute  one  of  the  most  important  branches  of  optics,  and  aid 
chemistry  by  the  most  ingenious  and  delicate  method  of  analysis. 
We  will  now  endeavour  to  give  some  idea  of  this  method,  known 
as  spectrum  analysis. 

Solar  and  stellar  spectra  are,  as  we  have  seen,  striped  with  dark 
lines  which  indicate  intcnuptions  in  the  emission  of  light,  and 
prove,  contrary  to  what  was  at  first  believed,  that  in  the  light 
proceeding  from  these  light  sources  there  are  not  rays  which  possess 
every  possible  degree  of  refrangibility.  The  contrary  eflect  takes 
place  in  the  spectra  of  all  incandescent  bodies,  either  in  the  solid, 
liquid,  or  densely  gaseous  condition  :  the  spectra  of  these  lights  are 
continuous :  there  are  no  breaks  in  the  spectrum. 

Vapours  and  ji^ases,  however,  which  are  not  dense  give  ditVercnt 
results.  If  we  introduce  into  an  artificial  flame,  suoli  as  a  jet  of  gas 
or  a  s})irit-lamp,  certain  metallic  substances,  whicli  the  high  tempera- 
ture of  the  source  can  convert  into  vapour,  continuous  spectra  are  no 
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longer  observed,  but  bright  lioea  separated  by  wide,  comparatively 
dark,  inteiTola:  Fraunhofer  liad  already  remarked  tliis.  Gases  also, 
rendered  inuandusceut  by  the  electric  spark,  give  similar  spectra. 

Since  his  time,  the  fact  has  been  studied  in  all  its  phases  and 
by  various  methods.  It  has  been  discovered  that  the  bright  lines 
of  metallic  vapours,  and  gases  when  not  very  dense,  vary,  iu  number 
and  position,  accoi'ding  to  the  metal  or  gas ;  and  the  spectra  change 
as  the  pressure  of  the  gas  ia  altered. 


To  study  spectra  of  this  kind,  physicists  employ  instruments 
called  spectroscopes.  Fig.  241  represents  one  of  these.  The  flame 
of  a  gas-lamp  is  placed  in  the  axis  of  a  lens  to  which  light  pene- 
trates through  a  narrow  slit;  the  slit  and  lens  forming'  what  is 
called  the  collimator.  The  slit  being  in  the  focus  of  the  lens,  the 
light  passes  through  the  prism  in  a  parallel  beam.  The  light  which 
passes  through  the  refractive  medium  is  made  to  form  an  image  of 
the  slit  at  the  focus  of  another  lens,  which  imiige  is  examineii  by 
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an  eyepiece.  This  arrangement,  which  is  a  great  improvement  upon 
that  adopted  by  Fraunhofer,  is  due  to  an  English  optician  of  great 
celebrity,  Mr.  Simms. 

To  obtain  the  spectrum  of  the  vapour  of  a  metal,  for  instance  that 
of  sodium,  we  introduce  into  the  flame  of  a  lamp  a  platinum  wire, 
impregnated  with  a  concentrated  solution  of  salt,  of  which  this 
metal  forms  the  base,  sea-salt  (chloride  of  sodium)  for  instance. 
We  soon  perceive  a  yellow  ray  of  great  intensity  and  sharp  out- 
lina    This  is  the  only  line  of  the  sodium  spectrum.     (Plate  IV.) 

The  vapour  of  lithium  gives  two  principal  lines,  one  a  pale  yellow, 
the  other  red  and  bright ;  potassium  gives  two  characteristic  lines, 
red  and  violet,  accompanied  by  yellow  and  green  lines;  calcium 
gives  a  very  bright  gi*een  line,  one  orange  and  one  blue ;  strontium 
gives  eight  lines,  six  of  which  are  red,  one  orange  and  one  blue; 
barium,  two  green  lines;  thallium,  one  green  line,  remarkable 
for  its  brilliancy. 

The  vapours  of  a  great  number  of  simple  bodies  have  thus  been 
studied,  the  bright  lines  of  their  spectra  discovered,  and  their  position 
fixed.  No  two  vapours  or  gases  have  the  same  spectrum.  Hence 
results  a  new  method  of  analysis,  which  is  so  delicate  that  a  milli6nth 
part  of  a  milligramme  of  sodium  is  sufficient  to  immediately  show 
the  characteristic  yeUow  ray  of  the  spectrum  of  this  metal.  Two 
German  chemists  and  physicists,  MM.  Kirchhoff  and  Bunsen,  were 
the  first  to  bring  spectrum  analysis  to  a  high  degree  of  precision. 
**  I  take,"  says  M.  Bunsen,  "  a  mixture  of  the  chlorides  of  alkaline 
metals  and  eaiths, — sodium,  potassium,  lithium,  barium,  strontium, 
and  calcium, — containing  at  most  a  hundred  thousandth  of  a  milli- 
gramme of  each  of  these  substances;  I  place  this  mixture  in  the 
flame  and  observe  the  result.  At  first,  the  intense  yellow  line  of 
the  sodium  appears  on  a  background  of  a  continuous  very  pale 
spectrum  ;  when  it  begins  to  be  less  sensible  and  the  sea-salt  is 
volatilized,  the  pale  lines  of  the  potassium  appear ;  they  are 
followed  by  the  red  line  of  the  lithium,  which  soon  disappears, 
whilst  the  green  rays  of  the  barium  appear  in  all  their  intensity. 
The  salts  of  sodium,  potassium,  lithium,  and  barium  are  therefore 
entirely  volatilized ;  a  few  instants  after,  the  calcium  and  strontium 
lines  come  out,  as  if  a  veil  has  been  removed,  an<l  gradually  attain 
their  form   and  cliarart eristic   brilliancv." 
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By  the  help  of  spectrum  analysis,  the  presence  of  sodium  has 
been  determined  in  the  air  and  the  dust  floating  about  in  a  room. 
The  sensibility  of  the  reaction  of  this  metal  is  so  great,  that  spectro- 
scopic observers  are  obliged  to  take  all  kinds  of  precautions  to 
prevent  the  appearance  of  the  sodium  line ;  even  if  we  dust  a  book 
near  the  instrument,  the  yellow  sodium  line  immediately  appears. 

Four  new  metals  have  been  discovered  by  this  method:  the 
two  first,  caesium  and  rubidium,  by  MM.  Bunsen  and  Kirchhoff ;  the 
third,  thallium,  by  Mr.  Crookes  and  M.  Lamy;  the  fourth,  indium,  by 
MM.  Eeich  and  Richter.  The  name  caesium  is  given  from  the 
two  blue  lines  in  its  spectrum;  rubidium  from  the  red  lines  which 
characterize  the  spectrum  of  this  metal ;  the  name  thallium  recalls  a 
beautiful  green  line,  and  that  of  indium  a  blue  line  near  the  indigo. 

In  these  various  lines  then  we  have  the  power  of  detecting 
the  gases  and  the  vapours  of  the  various  elements ;  but  this  is  not  all. 
Recent  researches  undertaken  by  Frankland  and  Lockyer  have  shown 
that  certain  spectra  undergo  great  changes  by  varying  the  pressure, 
and  that  some  lines  in  various  spectra  widen  out,  and  become  diflfused 
from  increase  of  pressure,  which  also,  when  long  continued,  changes 
a  typical  gaseous  spectrum — hydrogen,  for  instance — into  a  perfectly 
continuous  one,  similar  to  those  of  solids  or  liquids. 

Frankland  and  Lockyer  have  also  shown  that  the  various  spectra 
produced  by  varying  the  pressure  can  be,  to  a  certain  extent,  repro- 
duced by  varying  the  quantity  of  any  given  vapour  in  a  mixture. 
Such  researches  as  these  give  us  ground  for  hoping  that  in  time 
this  method  of  analysis  may  be  employed  quantitatively  as  well  as 
qualitatively,  and  explain  Bunsen's  experiment  to  which  we  have 
before  referred. 

But  we  do  not  confine  the  power  of  the  spectroscope  to  terres- 
trial matter ;  it  has  gone  further :  problems  can  be  investigated  and 
solved  by  its  means  which  had  appeared  inaccessible  to  human  in- 
vestigations ;  the  study  of  the  chemical  composition  of  the  heavenly 
bodies,  that  of  the  sun  and  stars — these  suns  so  prodigiously  distant 
from  us ;  of  nebulae,  which  telescopes  show  us  plunged  in  the  abysses 
of  the  ether  at  such  distances  that  the  imagination  can  scarcely 
fathom  the  depth,  and  of  comets. 

Let  us  show  in  a  few  words  how  this  has  been  done. 

If  we  place  a  jet  of  gas  before  the  slit  of  a  spectroscope,  and 
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lessen  it  so  that  it  is  scarcely  perceptible,  and  bums  with  a  bluish 
flame,  we  observe  that,  in  this  condition,  it  will  give  no  spectrum ; 
there  is  complete  darkness  behind  the  prism.  But,  if  a  metallic 
salt  is  introduced  into  the  flame,  sea-salt  for  instance,  the  yeUow 
ray  of  the  sodium  immediately  appears,  as  we  have  just  seen.  If, 
at  the  same  time,  and  in  the  same  instrument,  we  introduce  a 
solar  ray  in  such  a  manner  that  the  sodium  spectrum  and  the 
solar  spectrum  are  superposed,  a  perfect  coincidence  will  be  noticed 
in  the  position  of  the  sodium  yellow  ray,  and  Fraunhofer's  double 
dark  line  D. 

Now,  for  the  sunlight  let  us  substitute  the  intense  light  known 
as  Drummond's  light— obtained  by  heating  a  piece  of  lime  in  a  gas 
burner  into  which  a  current  of  oxygen  gas  is  introduced.  The  spec- 
trum of  this  light,  seen  alone,  shows  a  bright  spectrum  of  perfect 
continuity;  that  is,  containing  none  of  the  dark  lines  of  the  solar 
spectrum.  But  if  we  interpose  between  the  Drummond's  light  and 
the  slit  of  the  spectroscope  a  sodium  flame,  the  yellow  sodium  line 
now  gives  place  to  a  black  line  occupyiug  precisely  the  same  posi- 
tion as  the  bright  line  did  when  the  brighter  light  source  was  not 
behind  it. 

It  is  this  phenomenon  which  M.  Kirchhoff  caUs  the  '*  inversion 
of  the  spectra  of  flames." 

It  has  been  proved  in  r^ard  to  a  great  number  of  metallic 
spectra.  ''If  we  cause,"  he  says,  ''a  solar  ray  to  pass  through  a 
flame  of  lithium,  we  see  in  the  spectrum,  in  place  of  the  usual  red 
line,  a  dark  line,  which  rivals  by  its  sharpness  the  most  characteristic 
of  Fraimhofer's  lines,  and  which  disappears  on  removing  the  lithium. 
The  reversal  of  the  bright  lines  of  other  metals  is  not  so  easily 
eflected;  nevertheless,  M.  Bunsen  and  myself  have  been  fortunate 
enough  to  invert  the  brightest  lines  of  potassium,  strontium,  calcium, 
and  barium.  .  .  ." 

Now,  what  inference  is  to  be  drawn  from  this  singular  fact  ?  It 
is  that  metallic  vapours,  endowed  with  the  property  of  abundantly 
emitting  certain  coloured  rays,  in  preference  to  others,  absorb 
these  same  rays  when  they  emanate  from  a  more  intensely  luminous 
source  and  traverse  them.  Thus,  sodium  light,  which  emits  yellow 
rays,  absorbs  the  yellow  rays  of  Drummond's  light  on  their  passage 
through  it.     Hence  results  tho  black  lino,  which  occupies  tlie  sanio 
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position  in  the  continuous  spectrum  which  the  bright  sodium  line 
previously  held. 

If  this  absorption  is  a  general  fact,  it  must  he  concluded  that 
the  Hack  lines  observed  in  tlie  solar  spectrum^  indicate  the  reversal  of 
as  many  bright  lines  by  metallic  vapours  in  the  atmosphere  of  the  sun. 
This  atmosphere,  to  us,  acts  the  part  of  the  sodium  flame,  and  the 
bright  light  of  the  sun's  body  that  of  the  Drummond's  light  in  the 
same  experiment. 

This  magnificent  discovery,  which  has  at  one  bound  enabled  us 
to  become  familiar  with  tlie  constituents  of  the  atmospheres  of  all 
the  stars  of  heaven  which  are  briglit  enough  to  show  a  spectrum, 
is  generally  accorded  to  Kirclihoff  and  Bunsen,  but  the  credit  of  it 
is  really  due  to  an  Englishman,  Professor  Stokes,  who  taught  it  as 
early  as  1852,  while  Kirchhotf  and  Bunsen  did  not  announce  their 
discovery  till  1859. 

The  observational  and  exi^erimental  foundations  on  which  Pro- 
fessor Stokes  rested  his  teachinc:  were  as  follows :  ^ — 

(1)  The  discovery  by  Fraunhofer  of  a  coincidence  between  his 
double  dark  line  d  of  the  solar  spectrum  and  a  double  bright  line 
which  he  observed  in  the  spectra  of  ordinary  artificial  flames. 

(2)  A  very  rigorous  experimental  test  of  this  coincidence  by 
Professor  W.  H.  Miller,  which  showed  it  to  be  accurate  to  an 
astonishing  degree  of  minuteness. 

(3)  The  fact  that  the  yellow  light  given  out  when  salt  is  tlirown 
on  burning  spirit  consists  almost  solely  of  the  two  nearly  identical 
qualities  which  constitute  that  double  bright  line. 

(4)  Observations  made  by  Stokes  himself,  which  showed  the 
bright  line  D  to  be  absent  in  a  candle-flame  when  the  wick  was 
snuffed  clean  so  as  not  to  project  into  the  luminous  envelope,  and 
from  an  alcohol  flame  when  the  spirit  was  burned  in  a  watch- 
glass.     And 

(5)  Foucault's  admirable  discovery  {V Institute  Feb.  7,  1849)  that 
the  voltaic  arc  between  charcoal  points  is  "a  medium  which  emits 
the  rays  D  on  its  own  account,  and  at  the  same  time  absorbs  them 
when  they  come  from  another  quarter." 

The  conclusions,  theoretical  and  practical,  which  Professor  Stokes 

^  See  Sir  W.  Thomson's  Address  as  President  of  the  British  Association 
in  lR7i. 
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taught,  and  which  Professor  Thomson  gave  regularly  afterwards  in 
his  public  lectures  in  the  University  of  Glasgow,  were : — 

(1)  That  the  double  line  D,  whether  bright  or  dark,  is  due  to 
vapour  of  sodium. 

(2)  That  the  ultimate  atom  of  sodium  is  susceptible  of  regular 
elastic  vibrations,  like  those  of  a  tuning-fork,  or  of  stringed  musical 
instruments;  that,  like  an  instrument  with  two  strings  tuned  to 
approximate  unison,  or  an  approximately  circular  elastic  disk,  it  has 
two  fundamental  notes  or  vibrations  of  approximately  equal  pitch; 
and  that  the  periods  of  these  vibrations  are  precisely  the  periods 
of  the  two  slightly  different  yellow  lights  constituting  the  double 
bright  line  D. 

(3)  That  when  vapour  of  sodium  is  at  a  high  enough  temperature 
to  become  itself  a  source  of  light,  each  atom  executes  these  two 
fundamental  vibrations  simultaneously;  and  that  therefore  the  light 
proceeding  from  it  is  of  the  two  qualities  constituting  the  double 
bright  line  D. 

(4)  That  when  vapour  of  sodium  is  present  in  space  across  which 
light  from  another  source  is  propagated,  its  atoms,  according  to  a 
well-known  general  principle  of  dynamics,  are  set  to  vibrate  in 
either  or  both  of  those  fundamental  modes,  if  some  of  the  incident 
light  is  of  one  or  other  of  their  periods,  or  some  of  one  and  some 
of  the  other;  so  that  the  energy  of  the  waves  of  those  particular 
qualities  of  light  is  converted  into  thermal  vibrations  of  the 
medium  and  dispersed  in  all  directions,  while  light  of  all  other 
qualities,  even  though  very  nearly  agreeing  with  them,  is  trans- 
mitted with  comparatively  no  losa 

(5)  That  Fraunhofer's  double  dark  line  D  of  solar  and  stellar 
spectra  is  due  to  the  presence  of  vapour  of  sodium  in  atmospheres 
surrounding  the  sun  and  those  stars  in  whose  spectra  it  had  been 
observed. 

(6)  That  other  vapours  than  sodium  are  to  be  found  in  the 
atmospheres  of  sun  and  stars  by  searching  for  substances  producing 
in  the  spectra  of  artificial  flames  bright  lines  coinciding  with  other 
dark  lines  of  the  solar  and  stellar  spectra  than  the  Fraunhofer 
line  P. 

Studying  from  this  point  of  view  the  dark  lines  of  the  solar 
spectrum,  Bunsen  and   Kirchhoff  were  enabled  to  prove  the  coin- 
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cidence  of  a  great  number  of  them  with  the  bright  lines  of  certain 
metals.  For  example,  the  seventy  bright  lines  of  iron,  different  in 
colour,  width,  and  intensity,  coincide,  in  every  point  of  view,  and 
precisely  in  the  same  way,  with  the  seventy  dark  lines  of  the  sun ; 
which  makes  it  impossible  to  doubt  that,  in  the  solar  atmosphere, 
iron  exists  in  the  state  of  vapour.  In  Fig.  240,  a  certain  number 
of  these  lines  are  seen,  marked  Fe.  The  same  savants  discovered 
the  presence  of  nine  other  simple  bodies  in  the  atmosphere  of  the 
sun, — hydrogen,  copper,  zinc,  chromium,  nickel,  magnesium,  barium, 
calcium,  and  sodium ;  and  it  is  probable  that  to  this  list  we  may 
add  cobalt,  strontium,  and  cadmium.  This  work  has  recently  been 
extended  by  the  researches  of  Angstrom  and  Thalen.  From  the 
absence  of  the  characteristic  lines  of  other  metals,  such  as  gold, 
silver,  platinum,  &c.  in  the  solar  spectrum,  it  W6is  believed,  at  first, 
that  these  bodies  are  not  found  in  the  sun,  at  least  in  the  outer 
strata  which  form  its  atmosphere ;  but  this  conclusion  is  too  absolute, 
as  is  shown  by  new  researches  due  to  M.  Mitscherlich,  which  may 
probably  be  explained  by  the  observations  of  Frankland  and  Lockyer 
before  alluded  to. 

We  sum  up  then  what  we  have  'stated,  as  follows : — 

Solids,  liquids,  and  vapours  and  gases  when  dense,  give  vs  con- 
tinuous spectra  without  bright  lines.  Vapours  and  gases  when  not 
dense  give  ics  contimwus  spectra  with  bright  lines. 

Changes  in  the  lines  composing  the  spectrum^  and  in  the  thickness 
of  the  line.s,  are  brought  about  by  changes  of  pressure. 

Gases  and  vapours  absorb  tlwse  rays  which  they  themselves  emit  if  a 
brighter  light  source  is  behind  tliein;  this  absorption  is  continuous  or 
selective,  as  the  radiation  is  continuous  or  selective. 

This  is  one  among  many  results  brought  about  by  employing 
many  prisms  to  give  considerable  dispersion,  and  therefore  a  very 
long  spectrum.  There  is  another  which  reads  almost  like  a  fairy 
tale;  so  impossible  does  it  at  first  sight  appear,  that  we  can  thus 
measure  the  velocities  of  the  stars  in  their  paths,  or  the  rate  at 
which  solar  storms  travel  by  such  means  :  but  of  this,  more 
presently. 

One  of  the  recent  advances  in  the  application  of  the  spectroscope 
to  the  examination  of  the  celestial  bodies,  arises  from  the  following 
considerations : — 
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The  light  from  solid  or  liquid  bodies  is  scattered  broadcast,  so 
to  speak,  by  the  prism  into  a  long  band  of  light,  called  a  con- 
tinuous spectrum,  because  from  one  end  of  it  to  the  other  the  light 
is  persistent. 

The  light  from  gaseous  and  vaporous  bodies,  on  the  contrary, 
is  most  brilliant  in  a  few  channels ;  it  is  hiisbanded,  and,  instead  of 
being  scattered  broadcast  over  a  long  band,  is  limited  to  a  few  lines 
in  the  band — ^in  some  cases  to  a  very  few  lines. 

Hence,  if  we  have  two  bodies,  one  solid  or  liquid  and  the  other 
gaseous  or  vaporous,  which  give  out  exactly  equal  amounts  of 
light,  then  the  bright  lines  of  the  latter  will  be  brighter  than  those 
parts  of  the  spectrum  of  the  other  to  which  they  correspond  in 
colour  or  refrangibility. 

Again,  if  the  gaseous  or  vaporous  substance  gives  out  but  few 
lines,  then,  although  the  light  which  emanates  from  it  may  be  much 
less  brilliant  than  that  radiated  by  a  solid  or  liquid,  the  light  may 
be  so  localized,  and  therefore  intensified,  in  one  case,  and  so  spread 
out,  and  therefore  diluted,  in  the  other,  that  the  bright  lines  from 
the  feeble  light  source  may  in  the  spectroscope  appear  much  brighter 
than  the  corresponding  parts  of  the  spectrum  of  the  more  lustrous 
solid  body.  Now  here  comes  a  very  important  point :  supposing  the 
continuous  spectrum  of  a  solid  or  liquid  to  be  mixed  with  the  dis- 
continuous spectrum  of  a  gas,  we  can,  by  increasing  the  number  of 
prisms  in  a  spectroscope,  dilute  the  continuous  spectnim  of  the  solid 
or  liquid  body  very  much  indeed,  and  the  dispersion  will  not 
seemingly  reduce  the  brilliancy  of  the  lines  given  out  by  the  gas; 
as  a  consequence,  the  more  dispersion  we  employ  the  brighter 
relatively  will  the  lines  of  the  gaseous  spectrum  appear. 

Let  us  apply  this  to  the  prominences  seen  round  the  sun  in  an 
eclipse. 

The  reason  why  we  do  not  see  the  prominences  every  day  is  that 
they  arc  put  out  by  the  tremendous  brightness  of  our  atmosphere 
near  the  sun,  a  brightness  due  to  the  fact  that  the  particles  in  the 
atmosphere  i-eflect  to  us  the  nearly  continuous  solar  spectrum.  There 
is,  as  it  were,  a  battle  between  the  light  proceediu<^'  from  the  promi- 
nences and  the  liglit  reflected  by  the  atmosphere,  and,  except  in 
eclipses,  the  victory  always  remains  with  the  atmosphere. 

We  see,  however,  in  a  moment,  that  by  bringing  a  spectroscope 
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on  the  field  we  might  turn  the  tide  of  battle  altogether,  since  the 
prominences  are  gaseous,  as  the  reflected  continuous  spectrum  is 
dispersed  almost  into  invisibility,  the  brilliancy  of  the  prominence 
lines  scarcely  suffering  any  diminution  by  the  process.  This  reason- 
ing was  first  successfully  put  to  the  test  by  a  distinguished  French 
physicist,  M.  Janssen,  in  1868. 

Is  it  not  wonderful,  that  the  dispersion  of  light  not  only  explains 
with  such  accuracy  the  chemical  composition  of  the  bodies  whence 
it  emanates,  and  preserves,  after  a  passage  of  millions  upon  millions 
of  miles,  the  traces  of  absorption  of  various  rays, — a  certain  indi- 
cation of  the  presence  of  simple  bodies  suspended  in  an  atmosphere 
which  astronomers  only  suspected,  and  the  existence  of  which  is 
thus  confirmed, — but  enables  us  to  measure  velocities,  and  even  to 
study  tlie  meteorology  of  our  sun?  as  we  shall  see  shortly.  Spec- 
trum analysis  thus  applied  to  sun,  stars,  planets,  nebulae,  comets, 
furnishes  valuable  indications  as  to  the  intimate  constitution  of 
these  bodies,  and  solves  problems  which  the  most  powerful  optical 
instruments  would  doubtless  never  have  imravelled.^  It  is  thus 
that  the  sciences  mutually  help  each  other:  progress  realized  by 
one  of  them  is  nearly  sure  to  promote  new  discoveries  in  others. 

*  For  fuller  particulars  on  this  branch  of  the  inquiry  see  "The  Heavens,"  a 
companion  work  to  this,  published  by  Mr.  Bentley. 
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CHAPTER  X. 

SOLAR  RADIATIONS. — CALORIFIC,  LUMINOUS,  AND  CHEMICAL. 

Divisions  of  the  spectrnm  ;  maximam  luminous  intensity  of  the  spectrum — Obscure 
or  dark  rays ;  heat  rays  ;  chemical  rays — Fluorescence,  calorescence. 

rriHE  different  parts  of  the  solar  spectrum  are  distinguished  not 
-*-  only  by  the  unequal  refrangibility  of  the  rays  which  produce 
them,  by  their  colours,  and  by  the  greater  or  less  vividness  of  their 
brilliancy,  but  by  their  warming  or  calorific  action,  as  well  as  by 
their  power  of  modifying,  to  dififerent  degrees,  certain  substances  in 
a  chemical  point  of  view. 

When  the  luminous  intensities  of  the  seven  principal  colours 
are  compared  together  in  the  same  spectrum,  we  at  once  perceive 
that  the  brightest  portion  is  foimd  in  the  yellow.  From  this 
point  the  brightness  diminishes  towards  the  red  and  the  violet. 
We  see,  moreover,  that  the  colours  can  be  naturally  divided  into 
two  classes:  the  first  comprising  the  more  luminous  colours,  red, 
yellow,  and  green;  the  second,  the  darker  colours,  blue,  indigo,  and 
violet;  there  are  continuations  of  the  spectra  in  both  directions 
which  are  invisible  to  the  eya  Thus  we  have  the  ultra-red  and 
the  ultra-violet  rays.  In  fact  we  must  look  upon  the  spectrum  as 
composed  of  heat-rays,  light-rays,  and  chemical  rays,  the  second 
only  of  which  are  completely  visible  to  us.  A  very  simple  experi- 
ment enables  us  to  judge  of  the  difference  which  exists  between 
the  illuminating  powers  of  difiereut  colours:  if  we  take  the  pages 
of  a  book,  and  receive  the  spectrum  on  the  printed  portion  of  the 
paper,  we  shall  find  that  the  characters  can  be  easily  read  in  the 
orange,  yellow,  and  green ;  whilst  it  is  scarcely  possible  to  read 
those  which  receive  the  other  colours. 

According    to    Fraunhofer,    wlio    stu<!icd     phutonietrically    the 
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luminous  intensities  of  the  colours  of  the  spectrum,  the  maximum 
brightness  is  found  between  the  lines  D  and  e;  but  this  point  is 
nearer  D,  and  its  distance  from  this  last  line  is  about  the  tenth 
part  of  the  total  interval  D  E.  More  precise  methods  have  de- 
tennined  numerically  tlie  illuminating  power  of  the  spectrum  at 
the  points  where  it  is  cut  by  the  eight  principal  lines  of  Fraun- 
hofer.  Taking  the  maxinmm  brightness  at  a  thousand,  the  follow- 
ing are  the  luminous  intensities: — 

Colours.  LuiuinouH  iutensities.  Ijnes. 

Extreme  red imperceptible A 

Red 32 B 

Red 94 C 

Orange 640 D 

Yellow 1000 

Green 4b0 E 

Blue 170 F 

Indigo 31 G 

Extreme  violet (> H 

This  refers  only  to  the  relative  intensities  of  the  colours  of  the 
solar  spectrum,  not  to  tliose  of  other  spectra,  nor  to  the  similar  colours 
of  various  substances.  These  are  pure  colours,  without  mixture  of 
white  or  black :  mixtures  of  black  with  primitive  colours  include 
as  we  have  seen  in  explaining  the  classification  of  colours  by 
M.  Chevreul,  all  the  category  of  dark  colours  called  browns ;  the 
tints  of  which  are  no  longer  those  of  the  corresponding  ones  in  the 
spectrum  :  the  same  holds  with  clear  and  bright  colours  obtained 
by  increasing  proportions  of  white. 

Some  time  ago  the  (question  arose  whether  the  heat  of  the  solar 
rays  was  equally  distributed  throughout  the  whole  length  of 
the  spectrum,  or  if,  on  the  contrary,  the  differently  coloured  rays, 
besides  their  difference  of  luminous  intensity,  also  possessed  unequal 
calorific  powers.  Some  experiments  made  by  the  Abbe  Rochon 
Jed  to  tlie  belief  that  the  most  luminous  ravs  were  also  the  most 
calorific,  so  tliat  the  maxinmm  heating  was  in  the  yellow  ;  but 
other  physicists  assumed  that  this  maximum  was  in  the  red,  or 
rather  beyond  the  extreme  red.  According  to  Seebeck  (1828),  all 
these  opinions  are  tnie,  because  heat,  transmitted  by  the  coloured  rays, 
being  uuetiually  absorbed  according  to  the  nature  of  the  prism,*  the 
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position  of  tlie  niaxiinum  calorific  rays  must  depend  on  the  sub- 
stance of  this  latter ;  and  indeed,  this  physicist  showed  that  the 
most  intense  calorific  rays  are  those  of  the  yellow,  orange,  red,  and 
extreme  red,  as  the  solar  light  is  dispersed  by  the  aiil  of  prisms 
formed  with  water,  sulphuric  acid,  ordinary  glass,  or  English  flint- 
glass.  As  rock-salt  absorl)S  little  or  no  heat,  either  dark  or 
luminous,  the  calorific  powers  of  the  differently  coloured  rays  can  be 
best  compartMl  by  using  a  prism  of  this  substance.  Working  thus, 
Melloni  proved  tliat  tlie  temperature  of  these  rays  increases  in 
passing  from  tlie  violet  to  the  red  ;  and  that  the  maximum  calorific 
effect  is  pnxluced  beyond  the  red,  at  a  distance  from  tlie  extreme 
limit  of  the  red  equal  to  that  which  exists  between  this  and  the 
yellow.  Beyond  this  point  the  heat  decreases  ;  but  is  still  per- 
ceptible when  it  has  reached  a  distance  from  the  red  equal  to  the 
whole  extent  of  the  luminous —that  is,  the  visible — spectrum. 

This  remarkable  result  acquired  a  fresh  degree  of  importance 
when  th(j  solar  mys  were  studied  from  anotlujr  point  of  view. 
We  all  know  the  influence  of  sunlight  on  material  colours,  when 
these  colours  are  given  either  to  stuffs,  paper,  wot>d,  or  other  organic 
substances.  Coloured  curtiiins  fade  with  daylight ;  yellow  cotton  or 
linen  is  bleached  when  exposed  to  the  sun.  We  understand,  in 
the  present  day,  how  necessary  light  is  to  the  complete  develop- 
ment of  health,  and  even  to  the  life  of  vegetables  and  animals. 

Now,  tlies(i  multiple  influences,  to  which  we  shall  have  occasion 
to  return,  consist  in  a  series  of  chemical  actions  in  the  decompositions 
or  combinations  of  substances.  Chlorine  and  hydrogen,  which  in 
the  dark  have  no  action  on  each  other,  combine  when  exposed  to 
the  light,  forming  hydrochloric  acid.  If  the  flask  which  contains 
them  is  exposed  to  the  diffused  daylight,  the  combination  is  effected 
slowly;  in  the  solar  rays,  it  takes  place  suddenly,  and  explosion 
is  the  result.  Light  decomposes  salts  of  gold,  silver,  and  platinum. 
Heliogniphy,  which  was  discovered  by  Niepce  and  Daguerre,  and 
all  actual  processes  of  photography,  are  based  on  the  chemical 
action  of  luminous  mys,  either  from  the  sun,  moon,  or  other  sufli- 
cii'ntlv  iiit<*nse  luminous  .source.  Wo  shall  (Inscribe  these  furtlior  on  ; 
we  will  now  indirate  tin;  plK'iiomcna  tluMiiselvivs.  Mr.  iiiitheirord, 
who  has  |»hninLiraj»lu'(l  the  siuMtruni  with  un(M|ualUMl  sucress,  lias 
(li'tchniiird  that   tin*  niaxiiiiuni  chcniiral  elfo<  t   iiis  near  the  line  (r 
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The  same  question  presents  itself  here  as  in  regard  to  the 
illuuiinating  and  heating  effects.  We  require  first  to  know  if  the 
different  regions  of  the  solar  spectnun  are  endowed  with  the  same 
faculty  of  chemical  action,  or  if  this  efficacy  varies  in  different  parts 
of  the  spectrum.  Now  Scheele,  who  in  1770  bad  ascertained  the 
action  of  light  on  chloride  of  silver,  discovered  also  that  the  coloured 
rays  of  the  spectrum  act  unequally  in  producing  this  decomposition. 
It  was  afterwards  discovered  not  only  that  the  chemical  rays 
increase  in  intensity  in  passing  from  red  to  violet  to  such  a  degi'ce 
that  the  chloride  in  question  blackened  in  a  few  minutes,  \vhen  it 
received  the  concentrated  rays  of  the  violet  part  of  the  spectrum, 
whilst  it  required  several  hours,  if  it  received  rays  between  and 
including  the  green  and  red  rays ;  but  that  beyond  the  extreme 
violet,  in  the  dark  portion  of  the  spectrum,  chemical  action  con- 
tinued at  a  considerable  distance  beyond  the  luminous  portions. 

The  intensity  of  chemical  radiation,  whit^h  varies  for  one  substance 
according  to  the  position  of  the  rays  in  the  spectrum,  does  not 
attain  its  maximum  at  the  same  point  for  different  substances. 
This  maximum  is  not  the  same  for  salts  of  silver  as  for  salts  of 
gold,  nor  for  the  latter  as  for  salts  of  potassium. 

The  following  phenomenon  is-  worthy  of  remark  :  the  spectrum 
which  may  be  called  chemical,  to  distinguish  it  from  the  luminous 
and  heat  spectrum,  possesses  rays  like  the  first  of  those.  In  the 
dark  portions  of  a  spectrum  photogi'a})hed  by  means  of  chloride  of 
silver,  white  lines  may  be  observed  which  indicate  an  interruption 
of  chemical  action,  and  their  position  coincides  precisely  with  Fraun- 
hofer's  line.  But,  beyond  the  violet,  other  rays  exist,  which  naturally 
have  no  corresponding  ones  in  the  luminous  spectrum.^ 

IVofessor  Stokes,  by  enabling  us  to  see  these  invisible  rays,  has 
given  us  the  reason  why  they  are  ordinarily  invisible.  If  we  receive 
these  rays  on  a  screen  washed  with  a  solution  of  sulphate  of  quinine, 
they  are  at  once  visible  as  blue  light ;  we  have  the  phenomenon  of 
jiuorcMcnrCj  which  can  also  be  rendered  visible  by  other  means. 

The  explanation  of  the  phenomenon  of  Jliiortsctfice  is  that  the 
ultra-violet  rays,   which  move  too  rai)idly  for  our  eyes,  have  their 

*  Nevertheless,  the  most  refrangible  r.iys,  like  the  violet,  are  not  completely 
invisible.  Acconling  to  J.  Herschel,  the  ultra-violet  rays,  acting ou  the  retina,  give 
a  ^hade  called  by  him  lavender-grey. 

7  *> 
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velocity  retarded — toned  down — and  are  thus  brought  within  the 
range  of  visibility  and  known  colour.  The  heat  rays  have  been 
similarly  rendered  visible  by  Professor  Tyndal  in  the  phenomenon 
of  caloresriiice. 

Thus,  the  solar  spectrum  is  more  complete  than  was  at  first 
believed,  by  studying  only  the  impressions  produced  on  the  eye.  It 
appears  to  be  formed  of  three  superposed  spectra ;  one  giving  light 
and  colours;  another,  the  action  of  which  is  sensible  to  the  ther- 
mometer, reveals  to  us  the  warming  or  calorific  property  of  the 
solar  rays ;  and  lastly,  a  third  teaches  us  how  much  their  chemical 
activity  varies.  But,  do  three  kinds  of  rays  exist,  as  was  at  first 
supposed  ?  Delicate  experiments,  among  which  we  only  quote  that 
which  implies  the  identity  of  the  rays  of  the  luminous  spectrum 
and  those  of  the  chemical  spectrum,  prove  that  there  is  identity 
between  tlie  different  radiations.  The  same  rays  produce,  in  one 
place,  varied  colours ;  in  another,  variable  luminous  intensities : 
here,  unequally  distributed  intensities  of  heat :  there,  chemical 
combinations  and  decomponitions.  Oidy,  the  ray,  which  is  endowed 
with  considerable  calorific  and  chemical  power,  does  not  excite  in 
us  the  luminous  sensation,  or  rather,  only  exercises  on  our  retina 
an  inappreciable  influence.  Thus;  as  there  are  sounds  in  Nature  to 
which  our  ears  are  not  attuned,  so  are  there  colours  in  the  spectnmi 
which  will  for  ever  remain  invisible  to  us. 
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IMIOSIMIOKKSCKNCK. 


IMieiioiiieua  of  spontaneous  phosphorescence-  Aninml  and  vegetable  phosphores- 
cence— Glow- worms  and  fulgura*  ;  infusoria  and  medusa*— Different  conditions 
which  determine  the  phosphorescence  of  bodies- -Phosphorescence  by  ins<»- 
lation-  -Becquerel's  phosphoroscope. 

TITE  have  already  allmled  to  fluorescence ;  there  is  another  curious 
*'       phenomenon  which  differs  from  fluorescence  in  this,  that  it 
remains  for  long  alter  the  exciting   source  of  light   is  withdmwn* 
The  history  of  the  discovery  of  phosphorescence  is  as  follows : — 

In    1677,   an  alchemist  of   Hamburg,  named  Brandt,  discovered 
by  a  process  which  he  at  first  kept  secret,'    a  new  body   endowed, 
among  other  singular  properties,  with    tlie   property   of  -emitting  a 
continnous  luminous  smoke  when  it  Wiis  exposed  to  tlie  air.     Hence 
the   name   phosphorus  (from    ^wv,   light ;    <^e/ya),   to    hear)    applied 
to  this  substance,  which  is  one  of  the  sixty-six   simple  bodies  now 
recognized.     If  we    trace    characters  on   a    wall    with   a   stick    of 
phosphoi^us,  they  will  appear  as   luminous  lines   in  tlie  dark,  and 
will  not  cease  to  shine  until  after  the  complete  disai)pearance,  either 
by  slow  combustion  or  evaporation,  of  the  phosphorescent  matter. 
Long  before  the  discovery  of  this  body,  the  name  of  })hosphori 
was  given   to  all  substances  which,  like  it,  emitted  light  without 
being  accompanied   by   sensible   heat ;   such   iis   wood,  decomposed 
by  the  action  of   moisture;  dead  salt-water  fish  not  yet  putrified, 
the  shining  of  which  is  communicated  to  the  water  itself,  when  it 
is  agitated  for  some   time;  and   lastly,  a   great  number   of  mineral 

*  A  few  years  after  Brandt,  Kunckel  discovered  the  means  of  obtaining  phos- 
phorus. A  century  later,  in  1769,  Scheele  proved  that  it  exists  in  abundance  in  the 
bones  of  men  and  animals. 
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Riibstances,  when  they  are  su])mitte(l   to    blows    or   to    mechanical 
friction,  or  when  they  have  been  exposed  to  tlie  solar  rays. 

It   is   to  this   emission   of  spontaneous   or  artificial   light  that 

physicists  liave  given  the  name  of  phoHphorescencc.     Phosphorescence 

is  not  )K;culiar  to  inorganic  or  lifeless  matter.     When,  on  a  warm 

evening    in   June   or   July,    we   walk    in    the    country,   it   is    not 

uncommon  to  see  in  the  gmss  and  under  the  bushes  a  multitude 

of  small   lights,   which   shine   like   terrestial  stars :   these   are   the 

lampyres,  or  glow-worms,  a  species  of  coleoptem,  the  larva?  of  which, 

like  the  perfect  insect,  but  in  a  less   degree,  possess  the  property 

of  emitting  a  greenish  blue  light.     The  fulgora  or  lantern  fly,  and 

the  cucuyos  of  Mexico  aud  Brazil,  shine  during  the  night  with  a 

light   sufficiently   bright   to   enable    one   to  read.     Certain   flowers, 

like  the  flowers  of  the  n)arigold,  nasturtium,  and  Indian  rose,  have 

l)cen  considered  as  phosphorescent,  but  it  now  appeal's  to  be  proved 

that  this  is  a  mistake ;  it  is  certain  that  fifteen  phanen)gamic  plants, 

and  eight  or  nine  cryptogamic  ones,  emit  light ;  but  only  in  the 

evening   after  they  have  been    receiving   the   sun's  light;  so   that 

exf)osun^  to  the  sun  appears  to  be  to  them  a  condition  essential  to 

phosphorescence.     The  phosphorescence  of  the  sea  is   produced  by 

myriads   of  animalcuhe,   which,   like   the     lampyres    and    fulgorae, 

emit  a  light  sufficiently  bright  to  give  to  the  waves  the  appearance 

of  fire.     It  is  now  infusoria,  now   medusa,   starfishes,    &c.,   which 

diffuse,  some  a  blue,  others  red  or  green  lights,  or  even  give  the 

sea  a    whitish  tint,  to  which  sailors  give  the  name  of  sea  of  snow 

or  sea  of  milk. 

Calcined  oyster-shells  become  luminous  when  they  are  exposed 
to  the  light  of  the  sun:  this  property  is  due  to  the  sulphide  of 
calcium;  it  is  also  possessed  by  the  sulphides  of  barium  and 
strontium.^ 

Phosphorescence  can  be  induced  in  a  great  many  substances 
by  mechanical  or  chemical  action ;  this  may  be  noticed  on  break- 
ing  sugar,   the    light  being   produced    at   the    moment   of  nipture. 

'  C.mton,  an  Eni^lish  |)hysicist,  iliscovered  in  17<U  tlie  phosphorescence  of 
caloinoil  nystcr-sliclls  ;  hence  the  sulphide  of  calcium  is  c.illed  (Linton's  phosphonis. 
V.  ( 'alciarolo,  a  workman  of  Bologna,  discovered  the  ph<>sphore»cence  of  calcined 
sidphatu  of  Itaryt:*  lience  tlie  name  Holopia  ph(»spl)orus  whicli  is  ^iven  to  sulphate 
iif  liarium. 
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Similar  effects  are  i)ro(luced  by  rubbing  two  pieces  of  (luartz  ac^inst 
each  other,  also  chalk,  or  chloride  of  calcium,  or  on  separating 
l>lato.s  of  mica  by  cleavage.  Elevation  of  temperature  also  pro- 
duces phosphorescence.  Fluorspar,  diamonds  and  other  precious 
stones,  chalk,  sulphate  of  potassium  and  (piinine,  emit  light  when 
they  are  placed  in  contact  with  warm  substances.  We  shall  see 
further  on,  that  electricity  is  able  to  produce  the  same  effects  in 
bodies  which  are  bad  conductoi^s. 

Tims  we  have  a  series  of  phenomena  in  which  the  production 
of  light  is  neither  the  result  of  rapid  combustion  at  a  high  tem- 
perature, nor  that  of  a  vivid  illumination  which  disappear  as 
soon  as  the  source  ceases  to  be  in  the  presence  of  the  illumined 
object.  All  the  bodies  which  we  have  mentioned,  and  which 
peculiar  circumstances  render  phosphorescent,  acquire,  for  a  limited, 
but  often  considerable  time,  the  property  of  being  luminous  by 
themselves,  of  emitting  light  perceptible  in  the  dark,  and  stron;^ 
enough  to  illuminate  objects  lying  near  them. 

Phosphorescence  appears  to  be  due  to  multiple  causes :  in 
organized  and  living  beings,  the  mode  of  producing  light  is  nearly 
unknown.  We  only  know  that  the  will  of  the  animal  plays  a 
certain  jjart,  that  a  moderate  temi)erature  is  necessary  to  the 
emission  of  the  light,  as  also  is  the  presence  of  oxygen  gas.'  A 
sharp  cold  or  intense  heat  both  cause  it  to  disappear.  In  i)hos- 
phorns,  decayed  wood,  dead  fish,  &c.,  the  production  of  light  is 
doubtless  due  to  chemical  action, — that  is,  to  slow  combustion; 
for,  in  ranio,  all  phosphorescence  ceases.  It  follows,  therefore, 
from  the  facts  above  stated,  that  exposure  to  the  sun,  elevation 
of  temperature,  electricity,  and  mechanical  action,  in  which  elec- 
tricity and  heat  doubtless  take  part,  are,  in  many  cases,  favourable 
conditions  to  the  development  of  phosphorescence.  This  singular 
mode  of  production  of  light  has  recently  been  the  subject  of  very 
interesting  studies,  by  M^r.  Biot,  Matteucci,  and  principally  by  M. 
Edmond  Becquerel.     We  will  rapidly  glance  at  some  of  these. 

It  has  long  been  known  that  phosphorescence  is  a  property 
which  can  be  momentarily  acquired  by  a  number  of  bodies, 
especially  in  a  solid  or  gaseous  state :  paper,  amber,  silk,  and  a 
multitude  of  other  substances  of  organic  origin;  oxides  and  salts 
of  alkaline  and  earthy  metals,  and  of  uranium;  and  a  great  many 
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gases.  But  no  other  metals,  nor  their  compounds,  nor  any  other 
kind  of  liquid,  has  up  to  the  present  time  manifested  the  slightest 
trace  of  this  phenomenon. 

The  tints  of  phosphorescent  light  vary  according  to  the  nature 
of  the  body  which  emits  it :  thus  precious  stones  emit  a  yellow  or 
blue  light;  sulphides  of  strontium,  barium,  and  calcium  give  all 
the  shades  of  the  spectrum,  from  red  to  violet.  But  a  singular 
fact  proved  by  M.  Ed.  Becquerel  is  that  the  tint  and  brightness  of 
the  light  do  not  depend  alone  on  the  temperature,  but  also  on 
the  mode  of  producing  the  sulphides,  and,  what  is  still  more  singular, 
on  the  molecular  state  of  the  salts  whence  they  have  been  produced. 
Thus,  having  taken  different  carbonates  of  lime,  spar,  chalk,  &c., 
and  having  treated  them  with  sulphur,  he  obtained  six  sulphides 
of  calcium  which,  exposed  to  the  sun,  became  phosphorescent,  and 
in  darkness  presented  the  following  tints: — 

Tint  of  th**  Li«1it. 

Iceland  spar Omn;?e  yellow. 

Chalk     .  ' Yellow/ 

Lime Green. 

:  Fibrous  arragonite    ....     (vreen. 


Sulphides  of 
<*alcium  obtained 


I  Marble Rose  violet. 

Arragonite  of  Vertaison    .     .     Ro.se  violet. 

"If  I  may  be  allowed  the  comparison,"  says  M.  Edmond 
Itecquerel,  in  regard  to  these  facts,  "I  could  stiy  that  these  last 
t)odies,  on  account  of  their  luminous  effects,  arc  analogous  to  the 
sonorous  cords  which  produce  different  sounds  according  to  their 
tensioiL" 

Elevation  of  temperature  accelerates  phosphorescence,  but  it  also 
exhausts  it  quickly:  for  the  light  obtained  does  not  last  long.  It 
has  also  the  effect  of  modifying  the  tints;  thus  sulphide  of  strontium, 
blue  at  the  ordinary  temperature,  passes  to  a  blue  violet,  clear  blue, 
green,  yellow,  and  lastly  to  orange,  when  its  temperature  is  raised 
from  20  degrees  below  zero  to  150  degrees  above. 

It  will  be  of  much  intei*est  to  study  the  manner  in  which  the 
different  rays  of  the  spectrum  act  on  boilies  in  determining  their 
])hosj)h()n».sceiicc,  from  the  chemical  rays  situated  in  \\w  dark  i>art 
of  tlui  spectrum  beyond  the  violet,  to  the  heat-niys  beyond 
the  red.  In  order  to  observe  this,  the  speetnini  is  i»rojected  on 
band     covenMl    with    vari«)u>     i)]iosp]K)rescent     substaiicjs,    and    tin* 
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luminous  effects  produced  are  examiued  in  the  dark  at  different 
distances;  that  is  to  say,  iu  tlie  regioiis  covered  by  the  prisniatiu 
i-ays.  Thus,  it  is  possible  to  ascertain  which  ol'  the  rays  produci- 
the  most  iuteose  luminous  effects.  It  is  found  that  the  maxi- 
mum of  action  depends  on  llie  lioilies  influenced;  but  in  every 
taae,  the  chemical  rays  neai'est  the  violet,  and  consequently  tlie 
most  refrangible,  produce  phosphorescence ;  the  lieat-mys  do  uot 
e.xcite  it;  but  they  are  endowed  with  the  property  of  continuing 
tlie  action  of  the  chemical  rays.     ITieae  results  explain  the  feeble 


action  of  the  llcime  of  cantlles,  or  gas,  in  producing  tlie  phospho- 
rescence of  bodies,  and,  on  the  other  hand,  the  efficiency  of  ihe 
electric  light:  this  latter  abounds  iu  chemical  and  ultra-violet  rays, 
whilst  the  former,  although  rich  iu  heat-rays,  are  very  poor  in 
cliemical  rays.  The  bright  light  of  magnesium  rivals,  as  M.  Le 
Rorey  proves,   the  electric   light     It   is   sufficient  to   burn   a  wire 


A 
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of  this  mctnl  in  presence  of  a  tube  eoclosing,  for  example,  some 
sulphite  <if  calcium,  to  obtuiii  iJi-oloiiged  phosphorescence,  as  may 
be  shown  by  carrj-ing  the  tulw  into  darkness. 

M.  Etlmond  Becijuerel  invented,  for  the  study  of  these  phenomena, 
an  instrument  wliich  he  calls  the  pkoitphorom^ope.  The  following  is 
a  short  description  of  it:^Two  blackened  discs  are  each  pierced 
with  four  openings  in  the  form  of  sectors,  and  can  be  caused  to 
revolve  on  a  common  axis;  hut  as  the  openings  of  one  do  not 
coiresiwnd  with  tlie  openings  of  the  other 
(as  may  be  seen  in  Fig.  243],  it  follows 
/O^L    ",  _,'^^^^  that  a  ray  of  light  cannot  pass  tlirough 

^^1  IJj^^^*.  \  the  system  of  the  two  discs,  whatever 
may  be  the  rate  of  rotation.  They  are 
iKith  enclosed  in  a  blackened  box,  which 
remains  fixed,  and  iu  the  sides  of  whicli 
are  two  openings.  The  solar  light  passes 
through  one  of  them,  falls  on  the  body, 
the   phosphorescence   of   which   is  to  l>e 

Fill  IW.— Ww  nf  th*  plioiiiih«r«i«i|».  "^         '^ 

studied,  and  which  is  fixed  between  the 
two  discs,  in  the  axis  of  the  outer  openings  of  the  box ;  but,  as 
we  have  said,  it  cannot  ])ass  through  the  other  side. 

The  phosphorescent  light  in<)uced  in  the  body  jiasses,  on  the 
contrary,  through  the  opposite  opening  every  time  the  rotatorj- 
movement  brings  one  of  the  moveable  windows  in  front  of  the 
outer  o)>ening.  The  action  of  light  on  the  body  is  thus  produced 
four  times  during  each  revolution.  If  the  velocity  is  sufficient,  the 
developed  phosphorescence  is  continuous,  and  the  sensatiou  produced 
in  the  eye  of  the  observer  is  equally  so. 

The  phosphoroscope,  thus  constructed,  gives  to  the  bo<ly  observed 
a  constant  (juantity  of  light,  whatever  the  rotatory  movement  may 
1)6 ;  the  qiiantity  of  phosphorescent  light  which  reaches  the 
eye  is  niHO  constant ;  but  the  duration  of  the  constant  action 
of  the  light  on  the  Ixidy  varies  with  the  velocity,  as  it  is  equal 
to  the  time  that  an  oitening  takes  to  pa.H3  before  it:  this  duration 
is  easily  moasiireil  when  one  knows  tint  dimension^)  of  the  opt'uing 
iinil  tin;  niuiihrr  of  turns  that  the  system  of  the  two  move- 
iilile  (lisc.-i  makes  in  imc  second.  To  sum  up;  the  more  rapid  the 
rotation,  the  shorter  the  iliimtiun  of  the  light,  but  the  intiTruptious 
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ill  this  action  are  shorter,  so  that  there  ought  to  be  a  certain 
velocity  for  which  the  maximum  brilliancy  is  obtained. 

By  the  aid  of  the  phosphoroscope,  M.  Becquerel,  besides  the 
result  we  have  already  described,  has  been  able  to  prove  the  existence 
in  some  bodies  of  luminous  emissions,  the  duration  of  which  does 
not  exceed  the  ten-thousandth  part  of  a  second.  Others,  like  the 
tureen  sulphide  of  strontium  and  calcium,  remain  phosphorescent 
for  tliirty-six  hours.  Diamonds  shine  for  many  hours.  He  has 
been  able  to  study  the  law  according  to  which  the  phosphorescent 
bodies  lose  their  light  by  successive  emissions. 

The  light  emitted  by  various  vegetable  and  animal  phosphor- 
escents  has  been  submitted  to  spectrum  analysis;  and  it  is  found 
that  the  spectra  of  these  lights  are  continuous,  as  neither  dark 
nor  bright  lines  can  be  distinguished. 
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continuous  sensation.  Supposing  them  situated  at  equal  distances, 
they  should  follow  each  other  at  a  distance  of  29,800  kilometres 
from  each  other.  Supposing  they  follow  each  other  at  the  rate  of 
a  hundred  a  second,  there  would  still  be  an  interval  between  them 
of  2,980  kilometres. 

We  understand,  therefore,  how,  according  to  this  hypothesis,  the 
luminous  rays  emanating  from  different  sources  can  intersect  each 
other  in  various  directions  without  obstruction.  But  we  must  suppose 
the  mass  of  each  of  them  is  of  such  small  weight,  that  our  imagi- 
nation can  scarcely  realize  the  idea.  Of  this  Sir  J.  Herschel  made 
the  following  comparison.  He  says :  **  If  a  molecule  of  light  weighed 
one  grain  (0*065  gramme),  its  effect  would  be  equal  to  that  of  a 
cannon-ball  of  150  lb.  (56  kilogrammes),  animated  by  a  velocity 
of  305  metres  per  second.  What,  then,  must  this  tenuity  be,  if  a 
thousand  million  of  molecules,  attracted  by  lenses  and  mirrors,  have 
never  been  able  to  communicate  the  least  movement  to  the  most 
delicate  instruments  invented  expressly  for  these  experiments ! " 
{Treatise  on  Light,  vol.  i.) 

We  have  just  stated  that,  to  explain  the  phenomena  of  reflection 
and  refraction  of  light,  Newton  imagined  that  each  molecule  is  either 
repelled  or  attracted  by  the  molecules  of  bodies.  The  intensity  of 
these  forces,  which  are  exerted  in  infinitely  small  spheres,  is  pro- 
digious; it  is  proved  that  they  exceed  the  intensity  of  gravity  at 
the  surface  of  the  earth  to  such  a  degree,  that  it  is  necessary,  in 
order  to  express  their  value  in  numbers,  to  multiply  this  latter 
intensity  by  the  figure  2,  followed  by  forty-four  zeros. 

In  the  theory  which  is  now  adopted, — the  undulatory  theory, — 
we  find  numbers  which  submit  somewhat  to  precedent ;  it  is  not 
difficult,  therefore,  to  conceive  that  it  has  been  preferred  to  the 
theory  of  emission. 

We  owe  the  first  exact  exposition  of  the  undulatory  theory  to 
Huyghens,  who  numbered  among  his  partisans,  in  the  last  centuries, 
Hooke  and  Euler;  and  among  those  who  have  developed  and  per- 
fected it  in  the  present  centur}',  Young  and  Fresnel.  We  will 
endeavour  to  exi)laiu  the  undulatory  theory  in  its  essential  elements. 

The  hy]M)thcsis  of  emission  requires  tliat  the  interplanetary 
celestial  spjiccs  Ik;  void  nf  mjittcr,  in  onliT  to  give  free  passage  to 
the  motion  of  tiie  luniin<»us  molreules.  or  rallier  these  sjiaces  must 
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be  free  from  all  matter,  save  the  molecules  themselves.  On  the 
other  hand,  according  to  the  undulatory  hypothesis,  these  same 
spaces  are  filled  with  an  extremely  thin  and  eminently  elastic  fluid, 
which  is  called  the  ether.  This  medium  penetrates  all  bodies,  and 
is  diffused  throughout  all  their  inter-molecular  spaces. 

Luminous  bodies  are  those  whose  molecules,  in  a  state  of 
continual  vibration,  communicate  impulses  to  the  ether,  which,  in 
its  turn,  propagates  the  same  vibratory  movement  from  place  to 
place  and  in  all  directions,  with  a  uniform  velocity  of  298,000 
kilometres  per  second.  The  velocity  of  propagation  of  the  lumi- 
nous waves  is  the  same  for  all  the  rays  of  light,  whatever  their 
intensity  or  colour.  It  is  uniform  and  constant  in  a  homo- 
geneous medium ;  but  it  varies  in  i)assing  from  one  medium 
to  another;  and,  as  it  is  admitted  that  it  is  dependent  on  the 
connection  which  exists  between  the  elasticity  of  the  ether  and  its 
density,  it  must  be  inferred  that  this  connection  itself  changes  in 
different  media;  that  is  to  say,  the  distribution  of  the  molecules 
of  ether  is  not  the  same  in  interplanetary  media  as  in  heavy 
bodies;  and  in  these  it  varies  with  the  nature  of  the  substances 
and  tlieir  density. 

Let  us  try  to  understand  the  nature  of  the  vibrations  of  the  ether. 

Each  molecule  of  a  luminous  source  executes  a  series  of  very 
rapid  vibrations ;  that  is  to  say,  of  backward  and  forward  move- 
ments across  a  position  of  equilibrium.  These  vibrations  are 
communicated  to  the  ether,  the  dillerent  molecules  of  which  assume 
tlie  vibratory  movements  similar  to  those  of  the  light  source,  and 
conmiunicate  them  s[)lierically  from  place  to  place.  During  the  time 
which  a  molecule  of  ether  requires  to  make  a  complete  oscillation 
round  its  position  of  equilibrium,  its  movement  is  communicated, 
in  the  direction  of  the  propagation  of  light,  to  a  stream  of  molecules, 
the  most  distant  of  which  is  at  a  fixed  distance  from  the  first :  it 
is  this  distance  which  is  called  the  wave-length,  and  the  luminous 
wave  is  nothing  more  than  the  series  of  movements  effected  during 
a  complete  oscillation  of  a  molecule  of  ether.  As  the  same  dis- 
turbance which  has  its  origin  at  one  point  of  the  source  of  light 
is  thus  propagated  in  the  ether  which  tills  space,  with  uniform 
velocity,  it  follows  that  all  i)oints  of  the  surface  of  a  sphere, 
having  for  its  centre  the  luminous  point,  is  at  the  same  instant  in 
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the  same  phase  of  vibratory  movement.  All  the  points  of  any  of 
these  spherical  surfaces  are  called  the  surface  of  the  wave.  In 
certain  media,  the  surface  of  the  wave  can  be  ellipsoidal.  Lumi- 
nous waves  have,  therefore,  great  analogy  with  sonorous  waves; 
like  them,  they  are  isochronous,  and  they  move  with  uniform  velo- 
city. They  consist  in  alternating  movements  of  an  elastic  medium 
across  a  position  of  equilibrium;  but,  whilst  the  vehicle  of  sound 
is  a  tangible  medium,  as  the  air,  or  any  other  gaseous  or  liquid  or 
solid  body,  the  vehicle  of  light  is  a  substance,  if  not  imponderable, 
at  least  intangible. 

The  sonorous  wave  is  propagated  through  the  air,  travelling  in 
a  right  line  3306  metres  per  second ;  the  luminous  wave,  in  the 
same  time,  travels  186,000  miles,  and,  whilst  the  length  of  an  un- 
dulation varies,  for  perceptible  sounds,  between  five  millimetres  and 
ten  metres,  the  maximum  length  of  an  undulation  of  ether  does 
not  attain  the  thousandth  part  of  a  millimetre.  But  between  these 
two  modes  of  vibratory  movement  there  exists,  as  Fresnel  has  shown, 
an  important  difference;  for,  wliilst  sonorous  vibrations  are  made  in 
the  same  direction  as  their  propagation,  luminous  vibrations  take 
place  in  a  direction  perpendicular  to  that  of  the  movement  of  pro- 
pagation, that  is,  parallel  to  the  surface  of  the  waves.  It  is  difficult 
to  imagine  th(^  vibrations  being  effected  perpendicularly  to  the  direc- 
tion of  their  propagation.  A  comparison  will  explain  this  kind  of 
movement.  If  we  take  hold  of  the  end  of  a  very  long  cord  placed 
in  a  straight  line  along  the  ground,  and  give  it  a  shake  in  a  vertical 
direction,  there  follows  a  series  of  undulations  which  are  propagated 
to  the  other  extremity,  all  of  which  are  effected  in  a  direction  per- 
pendicular to  that  of  the  cord,  just  as  we  see  undulations  which 
succeed  each  other  on  the  surface  of  the  water  caused  by  the  throw 
of  a  stone,  or  any  other  heavy  body,  on  the  liquid.  There  is, 
between  these  two  phenomena  and  the  movement  of  the  ether,  one 
resemblance  more;  that  is,  that  the  propagation  of  the  waves  takes 
place  without  their  being  any  transport  of  the  molecules  which 
undergo  the  vibration. 

We  shall  presently  understand  how  the  wave-length.s  of  Uiniiiious 
vibrations  can  l)e  moasuriMl,  and  how  it  was  discovered  that  tlicsi* 
lengths  vary  in  passing  from  one  colour  to  another.  Tliev  are,  as 
the  following  tal»le  sliows,  excessively  small,  thrir  nu-an  value  scanrly 
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ever  exceeding  the  half  of  a  thousandth  of  a  millimetre.  When 
these  wave-lengths  are  once  known,  an  easy  calculation  gives  the 
number  of  vibrations  which  the  ether  performs  in  a  second,  when  it 
gives  rise  to  the  different  colours  of  the  spectrum.  As  light  travels 
over  an  interval  of  298,000  kilometres  in  one  second,  it  is  sufficient 
to  divide  this  last  number  by  each  wave-length,  in  order  to  find 
how  many  of  these  vibrations  take  place  in  a  second. 

Here  are  the  results  for  the  seven  principal  colours  of  the  solar 
spectrum : — 

mimoSS- o?'.  mZni?^  Number  of  >ibraUon.  per  .econd. 

Red,  mean  620  514,000,000,000,000 

Orange,        „  583  557,000,000,000,000 

Yellow,         „  551  548,000,000,000,000 

Green,  „  512  621,000,000,000,000 

Blue,  „  475  670,000,000,000,000 

Indigo,         „  449  709,000,000,000,000 

Violet,  „  423  752,000,000,000,000* 


This  determination  of  wave-lengths,  combined  with  wide  dis- 
persion, enables  us,  by  reason  of  the  high  velocity  of  some  of  the 
motions  of  the  heavenly  bodies,— a  velocity  comparable  with  that 
of  light  itself, — and  the  existence  of  bright  and  dark  lines  in  the 
spectra,  to  determine  the  rapidity  of  the  various  movements. 

Let  us  endeavour  to  give  an  idea  how  this  result  is  arrived  at, 
begging  indulgence  for  a  gross  illustration  of  one  of  the  most 
supremely  delicate  of  nature's  operationa 

Imagine  a  barrack,  out  of  which  is  constantly  issuing  with 
measured  tread  and  military  precision  an  infinite  number  of  soldiers 
in  single  or  Indian  file;  and  suppose  yourself  in  a  street  seeing 
these  soldiers  pass.  You  stand  still,  and  take  out  your  watch,  and 
find  that  so  many  pass  you  in  a  second  or  minute,  and  that  the 
number  of  soldiers,  as  well  as  the  interval  between  them,  is  always 
the  sama 

You  now  move  slowly  towards  the  barrack,  still  noting  what 
happens.      You   find   that   more   soldiers  pass  you  than  before   in 

*  These  numbers  are  deduced  from  the  new  determination  of  the -velocity  of 
light  ;  they  exceed  by  al>out  ^  those  given  in  treatises  on  physics  before  the  reftnlt 
of  M.  Foucault's  experiments  was  known. 

A  A 
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the  same  time,  and,  reckoned  in  time,  the  interval  between  each 
soldier  is  less. 

You  now  move  still  slowly  from  the  barrack,  i.e.  with  the  soldiers. 
You  find  that  fewer  soldiers  now  pass  you,  and  that  the  interval 
between  each  is  longer. 

Now  suppose  yourself  at  rest,  and  suppose  the  barrack  to  have  a 
motion,  now  towards  you,  now  from  you. 

In  the  first  case  the  men  will  be  paid  out,  so  to  speak,  more 
rapidly.  The  motion  of  the  barrack-gate  towards  you  will  plant  each 
soldier  nearer  the  preceding  one  than  he  would  have  been  if  the 
barrack  had  remained  at  rest.  The  soldiers  ^vill  really  be  nearer 
together. 

In  the  second  case  it  is  obvious  that  the  interval  will  be  greater, 
and  the  soldiers  will  really  be  further  apart. 

So  that,  generally,  representing  the  interval  between  each  soldier 
by  an  elastic  cord,  if  the  barrack  and  the  eye  approach  each  other 
by  the  motion  of  either,  the  cord  will  contract;  in  the  case  of 
recession,  the  cord  will  stretch. 

Now  let  the  barrack  represent  the  hydrogen  in  Sirius  or  the 
sun,  perpetually  paying  out  waves  of  light,  and  let  the  elastic  cord 
represent  one  of  these  waves;  its  length  will  be  changed  if  the 
hydrogen  and  the  eye  approach  each  other  by  the  motion  of  either. 

Particular  wave-lengths  with   the  nonnal  velocity  of  light  are 
represented  to  us  by  different  colours. 
The  long  waves  are  red. 
The  short  waves  are  violet. 

Now  let  us  take  the  case  of  the  hydrogen  in  the  sun  and  fix 
our  attention  on  the  green  wave,  the  refrangibility  of  which  is 
indicated  by  the  F  line  of  hydrogen.  If  any  change  of  wave-length 
is  observed  in  this  line,  and  not  in  the  adjacent  ones,  it  is  clear  that 
it  is  not  to  the  motion  of  the  earth  or  sun,  but  to  that  of  the 
hydrogen  itself  and  alone,  that  tlie  change  must  be  ascribed. 

If  the  hydrogen  is  approaching  us,  the  tvaves  will  he  cnished 
together ;  they  will  therefore  be  shortened,  and  the  light  will  incline 
towards  the  violet,  that  is,  towards  the  light  with  the  shortest  waves; 
and  if  the  waves  are  shortened  only  by  the  TTyocAraaoth  of  a  milli- 
metre, we  can  detect  the  motion. 

It'  the  hvdrojjen  is  recediii;:!j  from  us,  the  waves  will  be  drawn 
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out ;  they  will  therefore  be  longer,  and  the  green  ray  will  incline 
towards  the  red. 

In  Sirius  there  is  hydrogen,  and  by  this  means  Mr.  Huggins  has 
determined  the  velocity  of  that  starts  movement  in  the  heavens. 

Now,  in  the  case  of  the  sun,  bear  in  mind  that  there  are  two 
different  circumstances  under  which  the  hydrogen  may  approach  or 
recede  from  the  eye. 

Take  a  globe  which  we  will  consider  to  represent  the  sun.  Fix 
your  attention  on  the  ce^itre  of  this  globe :  it  is  evident  that  an 
uprush  or  a  downrush  is  necessary  to  cause  any  alteration  of  wave- 
length. A  cyclone  or  lateral  movement  of  any  kind  is  powerless; 
there  will  be  no  motion  to  or  from  the  eye,  but  only  at  right 
angles  to  the  line  of  sight. 

Next  fix  your  attention  on  the  edge  of  the  globe — the  limb,  in 
astronomical  language :  here  it  is  evident  that  an  upward  or  down- 
ward movement  is  as  powerless  to  alter  the  wave-length  as  a  lateral 
movement  was  in  the  other  case,  but  that,  should  any  lateral  or 
cyclonic  movement  occur  here  of  sufficient  velocity,  it  might  be 
detected. 

So  that  we  have  the  centre  of  the  disc  for  studying  upward  and 
downward  movements,  and  the  limb  for  studying  lateral  or  cyclonic 
movements,  if  they  exist. 

Now  the  hydrogen  lines  in  the  solar  spectrum  are  observed  to 
change  their  places,  while  the  lines  near  them  remain  at  rest,  so  that 
they  may  be  looked  upon  as  so  many  milestones  telling  us  with  what 
rapidity  the  uprush  and  downrush  takes  place ;  for  the  twistings  in 
the  hydrogen  lines  are  nothing  more  or  less  than  alterations  of  wave- 
length, and  thanks  to  Angstrom's  map  we  can  map  out  distances 
along  the  spectrum  from  F  in  looAoooths  of  a  millimetre  from  the 
centre  of  that  line ;  and  we  know  that  an  alteration  of  that  line 
rooiftnjTJTyths  of  a  millimetre  towards  the  violet  means  a  velocity  of 
38  miles  a  second  towards  the  eye,  i,e,  an  uprush ;  and  that  a  similar 
alteration  towards  the  red  means  a  similar  velocity  from  the  eye, 
i.e.  a  downrush. 

To  sum  up:  these  are  the  two  theories  proposed  for  the  explana- 
tion of  luminous  phenomena.  Both  explain  with  equal  facility  the 
reflection  and  refraction  of  light;  but,  whilst  the  system  of  emission 
re([uires  that  the  velocity  of   propagation   be   greater  in  relnictivi' 
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media,  the  nndulatoTy  theory,  on  the  other  hand,  supposes  that  this 
velocity  is  less,  as  the  medium  is  endowed  with  more  considerable 
refractive  power.  To  decide  between  them,  it  is  therefore  only 
necessary  to  determine  the  velocity  of  light  in  different  media,  to 
settle,  for  instance,  the  following  question: — Is  light  propagated 
through  air  more  or  less  rapidly  than  through  water  ? 

Now,  this  important  problem  has  received  a  definite  solution 
during  the  last  few  years.  M.  Foucault  and  M.  Fizeau,  each  in  his 
turn,  by  a  very  ingenious  process,  the  principle  of  which  was  first 
employed  by  Wheatstone  for  calculating  the  velocity  of  electricity,^ 
has  succeeded  in  proving  that  light  is  propagated  with  less 
rapidity  through  water  than  through  air,  as  the  theory  of  undu- 
lation requirea 

Other  phenomena,  which  we  will  now  describe,  are  equally 
ftivourable  to  this  theory;  whilst,  on  the  emission  theory,  no 
satisfactory  explanation  can  be  found.  It  is  no  longer  doubtful 
that  preference  ought  to  be  given  to  the  theory  which  makes  light 
not  a  particular  substance  projected  through  space  by  luminous 
bodies,  but  a  vibratory  movement  propagated  through  a  medium 
which  fills  space ;  not  only  that  space  which  is  usually  called  the 
interplanetary  space,  but  that  which  is  occupied  by  the  interstices 
of  the  molecules  of  ponderable  bodies. 

'  F.  Ango  conceired  the  idea  of  iutii|{  Wheatstone's  reToWing  mirror  to 
MNopAre  the  Telocities  of  light  through  different  medin. 
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CHAPTER  XIII. 

INTERFERENCE    OF     LUMINOUS    WAVES.— PHENOMENA    OF    DIFFRACTION. 

GRATINGS. 

Dark  and  bright  fringes  due  to  very  small  apertures — Grimaldi*s  experiment — 
Interference  of  luminous  waves  ;  experimental  demonstration  of  the  principle  of 
interference — Phenomena  of  diffraction  produced  by  slits,  apertures  of  different 
form  and  gratings — Coloured  and  monochromatic  fringes. 

TN  1665  Pire  Grimaldi  published  at  Bologna  a  curious  work  entitled 
"  Physico-Mathesis  de  Lumine,"  in  which  he  described  for  the 
first  time  appearances  to  which  he  gave  the  name,  which  they  still 
bear,  of  diffraction  phenomena,  which  physicists  have  since  studied 
and  multiplied  until  they  form  an  important  branch  of  optics. 

Having  introduced  a  beam  of  light  into  a  dark  room  through  a 
very  small  aperture,  Grimaldi  noticed  that  the  shadows  of  narrow 
opaque  bodies  exposed  to  this  light  were  spread  out  much  more  than 
they  should  have  been.  Besides,  these  shadows  were  edged  with 
coloured  fringes,  parallel  to  themselves  and  to  the  edges  of  the 
opaque  bodies.  The  phenomenon  disappears  if,  instead  of  a  narrow 
aperture,  the  pencil  of  light  passes  through  a  wide  hole. 

If  we  substitute  for  the  opaque  body  a  very  small  circular  hole, 
made  for  instance  in  a  metallic  plate,  and  receive  the  light  which 
has  passed  through  it  on  a  screen,  concentric  rings  with  coloured 
fringes  are  obtained,  some  situated  within  the  geometric  image  of 
the  aperture,  others  beyond ;  that  is  to  say,  within  the  limits  of  the 
shadow  of  the  plate.  Thus,  two  apertures  placed  near  together  give 
two  series  of  rings,  which  partly  overlap  each  other ;  and,  moreover, 
three  series  of  dark  rectilinear  fringes  or  bands  are  perceived,  which 
disappear  directly  one  of  the  holes  is  moved  (Fig.  244).  This  last 
experiment  caused  great  astonishment  in  the  philosophic  world,  as  it 
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upset  all  the  ideas  then  conceived  as  to  the  nature  of  this  luminous 
AgeuL  And,  indeed,  it  seemed  to  show,  thai  light  added  to  light 
produces,  in  certain  cases,  darkness  I 

N^ewton  studied  the  phenomena  of 
diffraction  diacovered  by  Grimaldi;  and 
he  added  fresh  observations,  and  endea- 
voured to  explain  the  cause  of  diffraction 
by  a  deviation  when  the  edges  of  opaque 
bodies  are  subjected  to  the  rays  of  light 
Fmunhofer,  Young,  and  Freanel  suc- 
ceeded in  discovering  the  laws,  and  the 
last-named  connected  them  in  the  most 
happy  manner  with  the  undulatory  theory. 
Before  continuing  the  description  of  the 
phenomena,  let  us  endeavour  to  form  some 
idea  of  what  Young  called  the  principle 
of  interference— a  principle  the  theory  of 
which  he  has  clearly  explained  on  the  undulatoiy  theory,  and 
which  Fresnel  afterwards  demonstrated  by  the  famous  experiment 
of  the  two  mirrors. 

Let  us  suppose  that  two  rays  of  light  follow  the  same  direction, 
A  B ;  that  they  have  the  same  intensity,  and  that  the  wave-lengths 
of  each  of  them  are  equal,  in  which  case  the  vibratory  movements  of 
the  ether  will  have  tlie  same  amplitude  for  the  same  phases.    If  the 
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waves  of  the  first  ray  coincide  with  those  of  the  second,  it  is  clear 
that  their  intensities  will  become  united  ;  the  quantity  of  li^ht  will 
be  increased  by  their  union.  But  if  one  of  them  is  behindhand 
precisely  half  the  length  of  a  wave,  the  molecules  of  ether  situated 
along  the  line  a  n  will  be  drawn  from  one  side  by  forces  the  intensity 


CHAP.  XIII.]    INTERFERENCE  OF  LUMINOUS  WA  VES.  359 

• 

and  direction  of  which  will  be  represented  by  the  curve  a  a  a  .  .  ,  . 
and  from  the  other  side  by  equal  and  contrary  forces  represented  by 
the  curve  a  a!  a'.  .  .  .  Every  molecule,  such  as  m,  will  then  remain 
at  rest  under  the  action  of  these  opposed  forces :  the  vibratory  move- 
ment will  cease,  and  darkness  will  succeed  to  light.  It  is  then  said 
that  the  luminous  waves  or  rays  interfere. 

The  same  result  is  produced  if  the  retardation  is  |,  f  .  .  .  and 
generally,  odd  numbers  of  half  undulations.  If  it  be  an  even  num- 
ber of  half  undulations,  the  result  is  the  same  as  if  there  had  been 
coincidence.  Thus,  between  these  two  extreme  cases,  the  luminous 
intensity  is  sometimes  increased  and  sometimes  diminished,  but  in 
neither  case  is  there  an  absolute  destruction  of  light. 

TheoreticaUy,  this  reasoning,  which  is  a  necessary  consequence 
of  the  undulatory  theory,  perfectly  accounts  for  Grimaldi's  experi- 
ment, and  all  those  in  which  dark  and  bright  fringes  or  bands  appear. 
It  nevertheless  had  to  be  proved  by  observation,  and  this  Fresnel 
accomplished,  mainly  by  the  experiment  of  the  two  mirrors  we 
have  already  mentioned.  This  experiment  is  too  important  for  us 
to  neglect  here.  The  nature  and  limits  of  this  work  do  not  permit 
us  to  touch  upon  theoretical  explanations  of  many  phenomena, 
but  the  principle  in  this  instance  must  at  least  be  described  with 
sufficient  clearness  to  enable  the  reader  to  accept  the  inferences 
with  confidence. 

Two  plane  mirrors,  o  N,  o  M  (Fig.  246),  of  metal  or  black  glass,  are 
placed  vertically  in  a  dark  room,  so  as  to  form  a  very  obtuse  angle. 
In  front  of  these  mirrors  a  beam  of  sunlight  is  brought  to  a  focus  at 
s  by  a  spherical  or  cylindrical  lens,  so  that  it  can  give  either  a  point 
or  a  luminous  line.  Two  images  are  thus  formed,  one  in  each  mirror ; 
that  in  s  for  the  mirror  0  N,  the  other  in  5'  for  the  mirror  0  M. 

We  have  thus  two  sources  of  light  which  present  this  peculiarity, 
that,  as  they  emanate  from  a  common  source,  they  are  in  the  same 
state  of  vibration.  If  we  now  place  a  vertical  screen  in  front  of 
the  mirrors,  in  such  a  way  as  to  receive  the  luminous  beams  from 
the  two  images,  a  bright  band  will  be  perceived  on  the  screen  in 
the  prolongation  of  the  line  0  A,  and,  on  each  side  of  this  band,  a 
series  of  alternate  dark  and  bright  fringes.  If  one  of  the  mirrors 
is  taken  away,  the  fringes  instantly  disappear,  and  the  screen  is 
equally  illuminated. 
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It  Ib  tbuB  seeo  that  the  phenomenoii  is  the  same  as  in  Grimaldi's 
experiment  of  the  two  openings,  and  it  remains  for  as  to  explain  how 
light  added  to  light  can  produce  darkness ;  or,  as  we  have  seen,  that 
whenever  dark  fringes  occur,  it  is  due  to  the  interference  of  luminooa 
waves  emanating  from  two  sources,  and  that,  on  the  other  band, 
we  have  the  same  phase  of  undulation  whenever  bright  fringes  or 
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bands  are  seen.  Figure  246,  in  which  we  observe  concentric 
waves  emanating  from  s  and  s',  demonstrates  this.  These  two  sys- 
tems of  waves  cross  and  cut  each  other  at  different  points.  Now, 
such  of  these  points  which,  like  n,  are  situated  on  the  perpendiciJar 

AO  and  as,  are  in  the  same  phase  of  undulation  in  botli  systems, 
since  the  rays  sa,  s'a,  being  of  the  same  length,  the  same  paths 
Bla  and   Sl'a  are   followed   by  the    two   luminous  waves  emitted 
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from  the  source  s,  and  reflected  by  both  mirrors.  The  same  takes 
place  with  regard  to  tiie  points  a'  aa'  .  .  .  situated  in  the  vertical 
plane  passing  through  AG. 

The  luminous  intensities  are  therefore  united  in  this  plane ;  hence 
the  central  bright  fringes.  In  positions  sucli  as  n,  n\  the  difTerence 
of  path  of  the  waves  which  cross  each  other  is  from  |,  f .  .  . 
wave-lengths ;  in  other  words,  an  odd  number  of  ha]f  undulations : 
hence  interference  ensues,  and  consequently  a  dark  band.  It  is  so 
ako  for  the  points  mm!.  .  ,  .  Further  on,  the  points  hV  .  .  .  ec'  .  .  . 
belong  to  rays  each  of  which  is  delayed  an  even  number  of  half 
wave-lengths  behind  the  other ;  hence  bright  fringes .  .  .  and  so  on. 

In  order  to  try  this  admirable  experiment,  Fresnel  used  in  suc- 
cession lights  of  all  the  simple  colours;  he  found  fringes  oS  each 
of  these  tints,  but  they  became  narrower  as  he  got  farther  from 
the  red  in  the  series  of  prismatic  colours.  Violet  gave  the  nar- 
rowest bands.  By  measuring  with  great  precision  the  distances 
of  the  bands,  this  illustrious  physicist  succeeded  in  deducing 
the  wave-lengths  of  light  of  difTerent  colours,  and  afterwards  the 
number  of  vibrations  executed  by  the  ether  in  the  short  interval  of  a 
second — the  wonderful  numbers  we  have  already  seen.  Fringes  pro- 
ceeding from  white  light  ought  therefore  to  be  formed  of  fringes 
coloured  by  each  of  the  spectral  tints  superposed  upon  each  other, 
so  that  the  violet  would  be  by  the  side  of  the  central  bright  band. 
Observation  proves  this.  Thus,  by  this  memorable  experiment 
the  truth  of  the  undulatory  theory  is  confirmed ;  mathematical 
analysis  has  also  drawn  from  it  a  crowd  of  inferences,  some 
already  known  by  observation,  others  outstripping  observation  and 
serving  as  a  guide  to  it  The  names  of  Huyghens,  Young,  and 
Fresnel  will  remain  for  ever  attached  to  this  beautiful  theory,  as  is 
that  of  Newton  to  the  theory  of  universal  gravitation. 

Let  us  now  return  to  the  phenomena  of  diffraction,  all  of 
which  relate  to  the  principle  of  interference  of  luminous  waves. 
They  are  so  numerous  that  we  can  only  choose  some  of  the  most 
remarkable. 

Newton,  while  repeating  and  vaiying  Grimaldi's  experiments  on 
the  enlarged  shadows  of  fine  bodies,  such  as  hair,  thread,  pins,  and 
straws,  became  convinced  that  the  deviation  of  the  luminous  rays  was 
not  due,  as  was  at  first  believed,  to  a  refraction  in  a  thin  stratum  of 
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denier  sir  nrrooodiiig  the  bodies.  He  saw  also  that  the  fomiation 
of  fringes  did  not  depend  on  the  nature  of  the  sobatances  nsed. 
Whether  metala,  atonea,  (^aaa,  wood,  or  ice,  Ac  were  nsed,  he 
alwiqra  reeognized  three  fringes  succeeding  each  other  and  starting 
from  the  shadow.  The  interior  fringe  was  Yiolet,  deep  bine,  l^t 
blue,  green,  yellow,  and  red ;  the  exterior  one,  pale  bine,  pale 
yellow,  and  red.  He  also  obsenred  that  monochromatic  lights 
pfodnce  fringes  of  nneqnal  width.  Bat  all  his  experiments  led 
him  to  the  conclusion,  that  the  rays  of  light  nndeigo,  in  passing 
by  the  edges  of  a  body,  inflections  which  are  stronger  the  nearer 
they  graze  the  sorface.  This  was  a  natural  hypothesis,  in  accord- 
ance with  the  emissive  theory ;  bnt  we  shall  presentiy  nnderstand 
the  true  explanation. 

The  very  numerous  experiments  which  have  been  since  performed 
in  connection  with  this  subject,  may  be  arranged  under  two  heads. 
The  first  comprises  phenomena  of  diffraction  produced  by  rectilinear 
edges ;  for  instance,  by  one  or  by  several  very  narrow  slits,  in  die 
form  of  parallelograms,  or  by  a  very  fine  screen,  a  metallic  thread, 
or  a  hair:  the  second  comprises  phenomena  obtained  when  the 
diffraction  is  produced  by  means  of  one  or  more  extremely  small 
apertures,  either  square,  triangular,  circular,  or  by  the  edge  of  a 
circular  screen  of  small  dimensions.  Plates  Y.  and  VI.  represent 
systems  of  fringes  produced  under  these  varied  circumstances :  some, 
coloured,  proceed  from  white  light ;  others,  monochromatic,  from 
light  of  a  single  colour, — for  instance,  red  light.  We  see,  in  many 
cases,  fringes  accompanied  by  a  multitude  of  small  spectra,  the  bright 
colours  of  which  add  to  the  beauty  of  the  phenomenon. 

Sir  J.  Herschel  observed  curious  diffraction  effects  by  placing 
in  front  of  the  oliject-glass  of  an  astronomical  telescope  diaphragms 
of  different  forms,  and  then  observing  single  and  double  stars.  With 
an  annular  oi>ening,  he  saw  coloured  rings  surrounding  the  images 
of  luminous  points,  which  then  presented  discs  similar  to  those  of 
the  planets.  Triangular  diaphragms  gave,  on  the  contrary,  stars 
with  six  rays  ;  an  aperture  formed  by  twelve  concentric  squares 
^ave  a  star  with  four  rays.  lastly,  by  j)i(ircing  in  a  regular  manner 
e(|uilat(!ral  trian^'leH  on  the  diaphragm,  he  obtained  a  series  of  cir- 
cular (liscH,  arranj^dd  on  six  lines,  on  which  they  diverged,  starting 
from  a  c(»ntral  colourless  and  very  briglit   disc ;    tliey   wore,   more- 
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over,  each  surrounded  by  a  ring  more  or  less  coloured,  and  spread 
into  spectra  as  they  extended  forther  from  the  centre. 

These  phenomena  are  of  great  interest ;  the  magnificent  colouni 
which  are  presented  to  the  eye  form,  as  it  were,  so  many  pictures, 
the  variety  of  which  equals  their  splendour.  But  to  the  eyes  of  the 
physicist  they  present  still  greater  interest,  inasmuch  as  they  are 
so  many  confirmations  of  the  beautiful  theory  of  the  undulations  of 
the  ether.  Mathematical  analysis  applied  to  the  different  phenomena 
of  difTraction  produces  results  which  e^t^,  in  a  marvellous  manner, 
with  those  of  observation.  We  have  already  said  that  they  some- 
times outstrip  it,  and  of  this  the  following  is  a  remarkable  example- 
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The  geometer  Poisson,  having  submitted  to  calcalation  the  problem 
which  has  for  its  object  the  determination  of  the  nature  of  the 
shadow  and  the  fringes  produced  by  an  extremely  small  opaque 
disc  exposed  to  the  light  which  diverges  from  a  luminous  point, 
found  that  the  centre  of  the  shadow  ought  to  be  as  brilliant  as  if 
the  di8c  did  not  exist:  this  light  was  an  effect  resulting  from  the 
diK'raction  of  luminous  waves  on  the  edge  of  the  screen.  Such  a 
result  was  so  opposite  te  preceding  observations,  that  Poisson  pre- 
sented it  as  n  serious  objection  to  the  undulatory  theory.  But  An^ 
having  made  the  experiment  with  requisite  care,  by  using  a  very  small 
metal  disc  cemented  on  a  diaphanous  and  perfectly  homogeneous 
glass  plate,  found  that  the  himinous  point  appeared  as  calculation 
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had  indicated.  It  was  as  if  the  shadow  was  produced  by  a  screen 
pierced  at  the  centre.  This  experiment  evidently  affords  one  of 
the  most  beautiful  triumphs  of  the  theory, — a  decisive  proof  in 
favour  of  the  undulatory  theory  of  light  and  of  the  existence  of 
the  ether. 

Fraunhofer,  whose  beautiful  experiments  on  the  lines  of  the 
spectrum  we  have  abready  described,  introduced  into  the  study  of  the 
phenomena  of  diffraction,  the  excessive  precision  which  so  eminently 
distinguished  him.  After  having  observed  the  images  produced  by  a 
veiy  limited  number  of  small  openings,  he  conceived  the  idea  of 
examining  the  effect  produced  when  light  traverses  a  grating  formed 
of  a  multitude  of  very  fine  threads  either  parallel  or  crossed.  He 
first  used  a  grating  of  brass  wire,  composed  of  numerous  very  fine 
wires,  stretched  on  a  reotangiilar  frame  by  means  of  screws  suitably 
arranged.  Then,  to  obtain  a  greater  regularity  and  delicacy  in  the 
intervals  through  which  the  light  passed,  he  traced  parallel  and  equi- 
distant lines  on  plates  of  glass  covered  with  gold  leaf ;  then  engraved 
them  with  diamonds  on  the  glass  itself,  thus  forming  more  than 
1,000  divisions  per  millimetre.  Each  of  the  stri®  is  an  opaque 
screen,  and  the  interstices  left  by  the  striss  allowed  the  light  to 
pass  through.  However,  a  much  smaller  number  of  divisions  makes 
the  grating  more  regular,  and  thirty*eight  lines  in  a  millimetre  are 
sufficient  to  show  the  phenomena. 

Beside  the  parallel-line  grating,  Fraunhofer  studied  gratings  with 
square  meshes,  formed  by  two  series  of  lines  crossing  each  other  at 
right  angles;  also  those  of  circular  and  other  forms  of  mesh.  In 
this  manner  he  obtained  a  number  of  figures,  in  which  the  fringes  and 
spectra  are  distributed  with  wonderful  symmetry ;  but  he  did  more, 
he  studied  the  laws  of  this  distribution — laws  which  M.  Babinet  has 
proved  to  be  necessary  consequences  of  the  principles  of  interference. 

Plate  YI.  shows  the  phenomena  resulting  from  the  passage  of 
light  through  a  grating  ^ith  parallel  lines :  at  the  centre  is  a  bright 
line,  then  two  rich  dark  intervals  followed  on  each  side  by  two 
spectra — the  violet  of  which  is  nearest  the  centre,  and  so  pure  that 
the  dark  lines  are  easily  distinguished.  Beyond  this  there  are  two 
fresh  dark  bands,  and  lastly,  two  series  of  superposed  spectra,  paler 
and  more  and  more  extended.  A  grating  with  square  meshes  gives 
the  image  repi-esented  in  the  same  Plate  VI.  below  the  preceding 
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one:  besides  the  bright  central  line  and  two  series  of  spectra  more 
extended  than  those  of  the  grating  with  parallel  meshes,  we  see  in  the 
four  right  angles  a  multitude  of  small  spectra  radiating  towards  the 
centre.  Xewton  had  a  glimpse  of  the  phenomena  of  diffraction 
through  email  apertures  and  gratings,  aa  the  following  passage  in  lua 
"  Optics  "  shows :  "  On  looking  at  the  sun  through  a  piece  of  black 
ribbon,  held  close  to  the  eyes,  we  perceive  several  rainbows ;  because 
the  shadows  which  the  fibres  or  threads  throw  on  the  retina  are 
edged  like  coloured  fringes."  Figure  1,  Plate  VI.,  represents  the 
efTect  produced  by  the  diffraction  of  solar  light  through  the  grating 
formed  by  the  broad  part  of  a  bird's  feather.  Fringes  of  a  like  nature 
can  be  equally  observed  by  the  light  of  a  candle,  with  the  eyes  nearly 
closed ;  the  lashes,  on  joining,  then  form  mesbee  of  irregular  fornL 

It  is  by  the  interference  of  luminous  rays  that  physicists  ex- 
plain the  bright  coloura  which 
are  noticed  on  certain  bodies 
whose  surfaces  are  covered  with  a 
multitude  of  very  fine  striie ;  the 
feathers  of  several  birds,  and  the 
surface  of  mother-of-pearl,  for 
instance,  are  formed  of  numerous 
striie  wliich  reflect  all  the  pris- 
matic coloura.  Bre\vster,  having 
occasion  to  fix  mother-of-pearl  to 
a  goniometer  with  a  cement  of 
resin  and  wax,  was  greatly  sur- 
prised to  see  the  surface  of  the  ''"ln'i^i(VinKi«""rn7»'!l«r"immi*.'''' 
wax   bright   with    the   prismatic 

.  colours  of  the  pearl :  he  repeated  tlic  experiment  with  different 
Kiilistances, — realgar,  fusible  metals,  lead,  tin,  isinglass, — and  in  each 
case  he  saw  the  some  colours  api>ear.  An  Englishman,  ^fr.  John 
Ittiilon,  applied  this  property  of  striated  surfaces  to  the  arts;  he 
worked  very  tine  facets  on  steel  buttons  and  other  objects  wliich, 
in  tho  li^'ht  of  the  sun,  gas,  or  candles,  exhibit  designs  brilliant 
with  all  the  colnuin  of  the  fi|)ectnini.  "  These  colours,"  snys  Brewster, 
■■  HIT  sciuvel  V  surpassed  by  the  Kre  of  the  diamond." 

The  following  i:^  another  phenomenon  which  seems  to  belong  to 
thp  phenomena  of  interference,  as  it  is  explained  by  M.  Itabinet ;  and 
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the  description  of  which  we  take  from  the  account  given  by  the 
observer,  M.  A.  Necker: — 

"  To  enjoy  the  sight  of  this  phenomenon,"  he  says,  "  the  observer 
should  stand  at  the  foot  of  a  hill,  interposed  between  himself  and  the 
spot  where  the  sun  sets  and  rises.  He  is  then  completely  in  the 
shade ;  the  upper  edge  of  the  hill  or  mountain  is  covered  with  woods, 
trees,  or  detached  bushes,  which  appear  black  against  a  perfectly 
clear  and  bright  sky,  except  at  the  place  where  the  sun  is  on  the 
point  to  appear  or  disappear.  There  the  whole  of  the  trees  and 
bushes  which  crown  the  summit — branches,  leaves,  trunks,  &c. — 
appear  with  a  bright  and  pure  white,  and  shine  with  a  dazzling  light 
although  projected  on  a  background,  which  is  itself  luminous  and 
bright  as  the  part  of  the  sky  near  the  sun  always  is.  The  smallest 
detcdls  of  the  leaves  and  little  branches  are  preserved  in  all  their 
delicacy ;  and  it  might  be  said  that  the  trees  and  forests  are  made  of 
the  purest  silver,  with  all  the  art  of  the  most  skilled  workman.  Swal- 
lows and  other  birds,  which  fly  across  this  region,  appear  as  sparks 
of  dazzling  whiteness." 

To  those  who  know  how  to  observe.  Nature  has  a  magnificence 
which  the  skill  of  the  most  ingenious  experimenter  can  never  ap- 
proach. That  which  makes  the  merit  of  the  inquirer  is  not  so  much 
to  reproduce  her— to  multiply  the  phenomena,  the  pictures  of  which 
she  shows  us — as  by  dint  of  patience,  sagacity,  and  genius,  to  discover 
the  reasons  of  things,  and  the  laws  of  their  manifestations.  From 
this  point  of  view,  natural  philosophy  is  one  of  the  grandest  studies 
which  the  human  mind  can  pursue. 
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CHAPTER  XIV. 


COLOURS  OF  THIN  PLATES. 


The  soap-bubble — Iridescent  colours  in  thin  plates — Newton's  experiment  on 
coloured  rings ;  bright  and  dark  rings — Laws  of  diameters  and  thicknesses — 
Coloured  rings  are  phenomena  of  interference — Analysis  of  the  colours  of  the 
soap-bubble. 

rriHE  most  beautiful  and  brilliant  phenomena  are  not  always 
"*"  those  which  require  the  most  costly  and  complicated  instru- 
ments to  produce  them.  Who  among  us,  in  his  childhood,  has  not 
amused  himself,  with  a  pipe  or  straw  and  soap  and  water,  in 
blowing  and  throwing  into  tlie  air  bubbles  of  the  most  perfect 
form  and  the  most  delicate  and  varied  colours? 

At  first,  when  the  sphere  of  the  bubble  is  of  small  diameter, 
tlie  pellicle  is  colourless  and  transparent  By  degrees,  the  air 
which  is  blown  into  the  interior,  pressing  equally  on  all  parts  of 
the  concave  surface,  increases  the  diameter  while  it  diminishes 
the  thickness  of  the  envelope ;  it  is  then  that  we  see  the  appear- 
ance, at  first  feeble  and  then  brighter,  of  a  series  of  colours  arising 
one  after  the  other,  and  forming  by  their  mixture  a  multitude  of 
iridescent  tints,  until  the  bubble,  diminished  in  thickness,  can  no 
longer  offer  sufficient  resistance  to  the  pressure  of  the  gas  which 
it  encloses.  Black  spots  then  present  themselves  at  the  top,  and 
soon  the  bubble  bursts.  It  is  this  last  part  of  the  phenomenon 
which  is  represented  in  Plate  VII. ;  and,  at  the  upper  portion  of 
the  liquid  sphere,  the  black  spots  which  announce  its  disappearance 
may  l)e  observed. 

Tliis  simple  experiment  and  childish  recreation,  which  offers  so 
much  attraction  to  the  eye  of  the  lover  of  colours,  is  not  less 
bciiutiful   or   interesting   to  the    man  of   science.      Newton    made 
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it  the  object  of  his  studies  and  meditations,  and,  since  the  time 
of  this  great  man,  the  colours  of  the  soap-bubble  hold  a  legitimate 
place  among  the  most  curious  of  optical  phenomena.  Moreover, 
this  is  one  particular  instance  of  a  whole  series  of  phenomena^ 
observed  whenever  light  is  successively  reflected  and  refracted 
by  surfaces  which  bound  thin  plates  of  transparent  bodies.  Solids, 
liquids,  and  gases  are  equally  smtable  for  this  kind  of  experiment. 
Crystals  which  can  be  reduced  to  very  fine  laminse  by  cleavage,  like 
inica,  gypsum,  talc,  glass  blown  into  extremely  thin  bulbs,  the 
surface  of  annealed  steel  which  retains  a  thin  coating  of  oxide,  show 
iridescent  colours  similar  to  those  of  a  soap-bubble.  The  bright 
shades  which  ornament  the  membranous  wings  of  dragon-flies, 
those  seen  on  pieces  of  glass  after  exposure  to  damp,  and  on  the 
surface  of  oily  water,  belong  to  the  same  series  of  phenomena. 
They  are  studied  in  physics  under  the  common  denomination  of  the 
colours  of  thin  plates. 

Before  speaking  of  the  cause  of  this  decomposition  of  light  into 
its  constituent  colours,  we  will  endeavour  to  give  an  idea  of  the 
conditions  under  which  it  is  produced,  and  the  laws  which  govern 
the  succession  of  tints.,  at  first  sight  so  changeable  and  mobile.  Let 
us  follow  Newton  in  his  celebrated  experiments. 

The  starting-point  of  this  great  physicist  was  the  following 
observation.  He  says,  in  hi^  ''  Optics,"  that  "  having  pressed  two 
prisms  strongly  together,  so  that  their  sides  touched  each  other 
(which  were  perhaps  very  slightly  convex),  I  perceived  that  the 
place  where  they  were  in  contact  became  quite  transparent,  as  if 
there  had  been  here  only  a  single  piece  of  glass.  For,  when  the 
light  fell  on  the  air  comprised  between  the  two  prisms  so  obliquely 
that  it  was  totally  reflected,  it  appeared  that  at  the  place  of  contact 
it  was  entirely  transmitted.  Looking  at  this  point,  a  black  and 
obscure  spot  was  seen,  like  a  hole,  through  which  objects  placed 
beyond  it  would  distinctly  appear." 

Newton,  having  turned  the  prisms  round  their  common  axis,  saw 
the  gradual  appearance  around  the  transparent  spot  of  a  series  of 
rings  alternately  bright  and  obscure,  and  coloured  with  different 
tints.  To  account  better  for  the  production  of  these  rings,  he  used 
two  glasses,  one  plano-convex,  the  other  convex  on  both  sides ; 
and  both  of  great  radius  of  curvature.     He  then  placed  one  over 
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the  other,  and  pressed  the  convex  side  gently  on  the  plane  side ; 
in  this  position  the  two  glasses  had  between  tliem,  around  the 
central  point  of  contact,  a  layer  of  air, — a  very  thin  meniscus,  the 


thickness  of  which,  at  the  centre  nil,  continued  \a  increase  imper- 
ceptibly.    The  following  are  the   phenomena  which  he  oliserveil: — 
Keceiving   the   reflected   light  in   a  direction   nearly  nonnal  to 


the  plane  surface  of  the  layer  of  air,  he  saw  around  the  ceutiiil 
point  of  contact  a  series  of  differently  coloiired  concentric  rings, 
becoming   narrower   as   they  were   further   from   the  centre.     I'lach 
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colour  appeared,  at  first,  as  a  circle  of  uniform  tint,  which  circle 
expanded  as  the  pressure  on  the  upper  glass  was  increased,  until  a 
new  colour  issuing  from  the  centre  transformed  it  into  a  coloured 
ring.     Lastly,  at  the  centre  itself,  there  appeared  a  black  spot 

The  following  is  the  order  and  colour  of  the  rings  represented 
in  Fig.  250.    The  colours  indicated  start  from  the  centre  o: — 

From  o  to  A,  black,  blae,  white,  yellow,  red ; 

„  A  „  B,  violet,  blue,  green,  yellow,  red  ; 

„  B  „  c,  purple,  blue,  green,  yeUow,  red  ; 

„  c  „  D,  green,  red  ; 

„  D  „  E,  greenish  bine,  red  ; 

„  B  „  F,  greenish  blue,  pale  red  ; 

„  F  „  o,  greenish  blue,  reddish  white. 

If,  instead  of  receiving  the  light  reflected  on  the  two  surfaces 
of  the  thin  plate,  we  look  at  ordinary  light  through  a  system  of  two 
similar  lenses,  a  series  of  coloured  rings  will  be  seen,  but  their 
colours  will  be  feebler  than  those  of  the  rings  seen  by  reflection. 
Moreover,  the  order  of  the  colours  is  entirely  difierent,  and,  instead 
of  a  black  spot  at  the  centre,  a  white  spot  is  seen.  The  following 
is  the  series  of  the  various  tints  forming  the  coloured  rings  seen 
by  transmission : — 

White,  red-yellow,  black,  violet,  bine ; 
White,  yellow-red,  violet,  blue ; 
Qreen,  yellow-red,  green-blue,  red ; 
Bluish  green ; 
Red,  bluish  green ; 
Red. 

If  we  compare  this  second  series  with  the  first,  we  see  that 
the  tints  which  occupy  the  same  order  in  the  two  systems  of 
rings  are  precisely  complementary,  so  that  the  transmitted  li<^ht 
and  the  reflected  light  at  any  one  point  of  the  layer  of  air 
produce  white  light  when  re-united.  This  consequence  of  the 
two  experiments  has  been  verified  by  Young  and  Arago,  who, 
having  placed  the  two  glasses  in  such  a  manner  as  to  cause  both 
the  reflected  and  transmitted  lights  to  reach  the  eye  with  the 
same  intensity,  saw  the  rings  disappear. 

In  order  to  observe  the  rings,  Newton  used  the  various  simple 
colours  of  the  spectrum.     In  this  instance  he  perceived,  by  reflec- 
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tion,  rings  which  were  alternately  black  and  bright, — the  latter 
presenting  the  tint  of  the  simple  colour  used.  But  the  diameters 
of  the  rings  varied  in  size,  according  to  the  colour  of  the  light, 
and  they  widened  on  passing  from  the  violet  to  the  red. 
We  can  therefore  understand  how  it  is  that  the  rmgs  obtained 
with  white  light  are  iridescent.  The  different  colours  of  which 
white  light  is  formed,  produce  each  its  series  of  rings;  but  as 
the  dimensions  ai*e  different,  the  superposition  is  not  exact;  the 
dark  rings  disappear  because  they  are  again  covered  by  other  shades 
of  light,  except  at  the  centre,  and  only  when  these  shades  are 
blended  together  in  a  proper  proportion  does  the  one  ring  of 
white  light  before  observed  appear.  In  introducing  water  between 
the  glasses,  the  rings  are  still  visible,  but  they  are  smaller  and 
narrower,  and  the  tints  are  fainter.  I^AStly,  if,  instead  of  a  gaseous 
or  liquid  medium,  the  space  between  the  two  glasses  is  a  vacuum, 
coloured  rings  are  still  seen,  showing  no  perceptible  difference 
from  those  given  by  air. 

Newton,  with  his  accustomed  sagacity  and  precision,  could  not 
confine  himself  to  the  proving  of  these  facts  and  others  the  details 
of  wliich  we  cannot  enter  into;  he  sought  out  the  law  of  the 
production  of  the  rings,  and  thus  he  succeeded  in  tracing  to  the  same 
principle  the  different  phenomena  described  at  the  commencement 
of  this  chapter, — the  iridescent  colours  of  soap-bubbles  and  thiu 
plates  in  all  solid,  liquid,  and  gaseous  substances.  He  carefully 
measured  the  diameters  of  the  successive  rings  obtained  with  mono- 
chromatic light,  at  the  moment  when  the  black  spot  of  the  centre  in- 
dicated that  the  surfaces  were  in  contact.  From  it  he  deduced  the 
geometrical  ratios,  which  give  the  relation  of  the  diameters  to  the 
thicknesses  of  the  thin  plate,  and  these  thicknesses  themselves ;  and 
he  determined  the  following  laws: — 

TJie  squares  of  the  diaiaetern  of  the  bright  ri^igs,  seen  by  reflection, 
are  related  in  the  ratio  of  the  uild  numbers,  1,  3,  5,  7,  9. 

The  squares  of  the  diameters  of  the  dark  rings  are  as  the  ckch 
numbers,  2,  4,  6,  8. 

In  regard  to  the  rings  seen  by  transmission,  as  they  occui)y 
precisely  inverse  positions,  each  obscure  ring  being  replaced  by  a 
bright  ring,  and  each  of  those  by  a  dark  ring,  their  diameters  evidently 
follow  the  same  laws,  and  the  series  of  numbers  is  inverted. 
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So  much  for  the  relative  dimensions  of  the  hrijj^ht  and  dark 
rings.  As  to  the  thicknesses  of  the  layer  of  air  interposed  between 
the  glasses,  they  continue  to  increase  from  the  centre  towards  the 
extremities;  but,  if  the  values  which  correspond  to  the  rings  of 
the  different  orders  are  sought  for,  we  find  that  these  values  are 
odd  numbers  for  luminous  rings,  and  even  numbers  for  black  or 
obscure  rings. 

These  laws,  although  so  siroph*,  are  generaL  Xewton  concluded 
that  the  phenomenon  of  coloured  rings  depends  on  the  variable 
thickness  of  the  thin  plate  interposed  between  the  two  surfaces, 
and  the  nature  of  the  substance  of  which  it  is  composed,  but  not  at 
all  on  that  of  the  glasses  between  which  it  is  interposed.  He  endea- 
voured to  connect  it  with  the  emission  theory  of  light,  supposing 
that  the  luminous  rays,  on  being  propagated,  undergo  periodical 
changes  which  sometimes  render  them  apt  to  be  reflected  and  some- 
times apt  to  be  transmitted !  In  the  present  day,  as  the  undulator}' 
theory  is  admitted,  the  coloured  rings  are  explained  in  a  more 
simple  manner  on  the  principle  of  interference.  A  ray  r>f  liglit 
which  penetrates  to  the  first  surface  of  the  plate  is  partly  reflected 
and  partly  transmitted;  transmitted  as  far  as  the  second  surface,  where 
it  is  again  reflected.  The  two  rays,  thus  reflected  on  each  surface, 
interfere,  as  we  have  already  seen,  and  are  destroyed  or  augmented 
according  as  the  delay  of  the  second  equals  an  odd  number  of 
half-lengths  of  wave,  or  an  even  number  of  these  same  lengths. 
Hence,  darkness  in  the  first  case,  and  light  in  the  second,  or,  in 
other  words,  dark  rings  and  bright  rings. 

Analysis  applied  to  this  interesting  case  of  the  undulatory 
theory  also  j)roves  the  laws  of  the  diameters  and  thicknesses, 
which  Xewton  first  discovered  by  experiment.  As  the  lengths 
of  the  waves  vary  according  to  the  nature  of  the  simple  light, 
and  diminish  in  passing  from  red  to  violet,  w^e  see  that  the  rings 
of  this  latter  colour  must  Ijecome  narrower  than  the  red  rings. 
Now,  in  what  way  is  this  theory  applicable  to  the  phenomenon 
of  tlio  soap-lmbble  colours,  colours  so  variable  and  changing,  and 
which  are  continually  mixed  and  blended  with  each  other? 

Newton  s1iow(mI  the  identity  of  the  coloured  rin<^'s  obtuine(l  l.y 
means  of  ghusses,  and  those  wliieli  appear  on  bubbles.  To  study 
tlii'M*.  he  took  the  ]»reeantion  of   ])roteclin;:  the  blown  >nii])-l»iil»l»lc 
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fi-om  the  influence  of  the  external  nir,  whieli,  causing  the  thickness 
to  vaiy  irregularly,  changes  the  colours  one  into  the  oHier,  and 
thus  prevents  tliem  from  being  exactly  obsen-ed.  He  sajs,  "As 
soon  as  I  liad  blown  one,  I  covered  it  witli  a  very  transparent 
firlass;  and  by  this  means 
its  different  cobmrs  ap- 
peared ill  regular  onler,  like 
80  many  concentric  rings 
siirronnJing  tbe  top  of  the 
bubble."  Wlien  these  i)re- 
cantions  are  taken,  the 
coloured  rings  visible  at 
the  top  of  tbe  bubble  are 
seen  slowly  spreading  out, 
in  pro(K)rtiou  as  tbe  flow 
of  the  water  towards  tbe 
bottom  of  the  liquid  sphere 
renders  this  thinner,  and, 
after  having  descenddl  to 
the  base,  each  disapiMjars  in 
its  turn.  I'ig.  2.'!  I  shows 
tbe  disposition  of  these 
coloured  hands. 

Tlie  phenomenon  thus 
reguhited  hises  its  iM^auty 
from  an  artistic  point  of 
view,  but  in  the  scientific 

it   gains    in    interest.     In         '"'""  ■^^■''■~"'' '"'  """ I'l"!''- '» H"- ">^ii>-i>"i'iii''. 

I'lale  VII.  the  2ones  of  several  rings  can  he  seen,  in  spite  of  the 
irreguhirity  of  oohnir  and  their  mixture.  I'y  degre&s,  the  bubble 
becomes  so  thin  at  tbe  top  that  the  black  sjiot  makes  its  appearance, 
often  mixed  with  smaller  and  darker  sjiots  ;  and  ahnost  iinmediately 
afterwards  the  bnbble  bursts  and  disappears. 

According  to  Newton,  the  fidlowing  is  the  exact  onler  in  which 
the  coloured  rings  swcceed  each  other  from  the  first  coloration  of 
tlie  bnbble  nntil  its  disappearance:— Red,  bine;  red,  hlnc ;  red, 
blue;  red,  gn^en  ;  red,  yellow,  green,  purple;  red,  yellow,  green, 
blue,  violet ;  red,  yellow,  white,  blue,  black. 
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Now,  if  we  compare  this  series  with  that  of  the  coloured  rings 
obtained  by  means  of  the  two  glass  surfaces  in  the  first  experi- 
ment, it  will  be  noticed  that  they  are  arranged  exactly  in  the 
opposite  order,  and  this  is  as  it  should  be,  if  the  same  cause  pro- 
duces both  these  effects.  At  the  commencement,  the  bubble  is 
too  thick  for  the  appearance  of  colours;  it  is  colourless.  Then  its 
thickness  diminishes  more  and  more,  so  that  at  last  the  black 
corresponding  to  the  least  thickness  appears  exactly  like  the  black 
spot  of  the  first  ring,  which  is  found  at  tlie  point  where  the  two 
glass  surfaces  are  in  contact.  This  refers  to  colours  seen  by 
reflection.  The  bubble,  once  formed,  ought  to  be  observed  in  such 
a  manner  that  it  can  reflect  towards  the  eye  the  light  of  a  whitish 
sky;  and,  in  order  to  better  distinguish  the  rings  and  colours,  a 
black  ground  should  be  placed  behind  it.  But  the  soap-bubble 
may  also  be  observed  by  looking  at  ordinary  light  through  it 
Coloured  rings  are  again  formed;  but  they  are  of  small  bril- 
liancy, and  their  successive  colours  are  complementary  to  those 
given  by  reflected  light.  It  is  easy  to  assure  oneself  of  this  fact. 
If  we  examine  the  bubble  by  the  light  of  clouds  reflected  to  the 
eye,  the  colour  of  its  circumference  is  red;  at  the  same  instant, 
another  observer,  looking  at  the  clouds  through  the  bubble,  will 
find  that  its  circumference  is  blue.  On  the  other  hand,  if  the 
contour  of  ths  bubble  is  blue  by  reflected  light,  it  appears  red 
by  transmitted  light. 

Now  it  is  easy  to  understand  why  the  soap-bubble,  observed  in 
the  open  air,  presents  in  the  iridescent  colours  of  its  surface  that 
irregularity,  that  mobility,  that  perpetual  mixture  of  tints  which 
causes  it  to  be  one  of  the  most  beautiful  phenomena  due  to  the 
decomposition  of  light  by  interference.  The  agitation  of  the  air 
around  the  bubble,  added  to  the  want  of  homogeneity  in  the  soapy 
water  in  different  parts,  and  to  the  evaporation  which  takes  place 
in  a  ver)'  unequal  manner,  produces  numerous  currents  in  the 
li([uid  pellicle,  which,  opposing  the  action  of  gravity  in  every 
direction,  prevents  the  water  from  descending  by  re<^ular  zones 
towards  the  base  of  tlie  bubble.  Its  thickness  thus  varies  from 
one  point  to  another,  and,  as  it  is  on  this  thickness  that  the 
j)roduction  of  tlie  different  tints  depends,  these  are  distributed  in 
the   most  varied    manner.     (3ii    the   other   hand,    in    a  closed    flask 
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the  air  being  saturated  with  vapour,  evaporation  and  the  agitation 
due  to  tlie  external  air  no  longer  exist,  and  the  rings  appear  with 
the  regulaiity  indicated  by  calculation. 

We  have  forgotten  to  mention  that  the  laws  discovered  by  Newton 
regarding  rings  furnish  a  means  of  calcuhiting  the  thickness  of 
the  liquid  film  of  any  given  colour.  At  the  point  where  the  black 
spots  are  situated  this  thickness  is  the  least ;  and  it  is  then  about 
the  ten-thousandth  part  of  a  tnillimetre.  Hence  it  follows  that,  if 
one  could  produce  a  soap-bubble  uniformly  of  this  thickness,  it 
would  be  completely  invisible. 
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CHAPTER  XV. 


DOUBLE  BEFRACTION   OF  LIGHT. 


Discovery  of   double  refraction  by   Bartholin — Doable   images    in    crystab    of 

Iceland  spar — Ordinary  and  extraordinary  rays  ;  princii>al  section  and  optic 

axis — Positive  and  negative  crystals — Bi-refractive  crystals   with  two    axes, 
or  biaxial  crystals. 

TjlRASMUS  BARTHOLIN,  a  learned  Danish  doctor,  who  lived  at 
-^  Copenhagen  towards  the  middle  of  the  seventeenth  century,  in 
examining  some  crystals  which  one  of  his  friends  had  brought 
him  from  Iceland,  was  surprised  to  observe  that  objects  appeared 
double  when  seen  through  them.  He  noticed  this  singular  phenome- 
non in  1669,  and  described  the  circumstances  of  the  case  in  a  special 
memoir.  Twenty  years  later,  Huyghens  undertook  the  study  of  what 
has  since  been  caUed  double  refraction  ;  he  determined  the  laws,  and 
propounded  a  theory  in  accordance  with  the  principles  of  the  undu- 
latory  theoiy,  of  which  he  had  laid  the  foundations. 

Since  Bartholin's  discovery  and  Huyghens*  observations,  these 
phenomena  have  been  studied  in  all  their  phases,  and  the  whole  now 
constitutes  an  entire  branch  of  optics.  Before  describing  the  prin- 
ciples of  these  phenomena,  we  will  call  to  mind  that  which  happens 
when  a  beam  of  light  falls  on  the  surface  of  a  transparent  medium 
like  water  or  glass.  On  reaching  the  surface,  part  of  the  luminous 
beam  is  reflected  regularly,  in  such  a  manner  as  to  give  an  image  of  the 
object  whence  it  emanates ;  another  portion  is  reflected  irregularly 
in  all  directions.  For  this  reason  the  light  returns  on  its  path,  or 
if  we  like,  changes  its  path  by  changing  its  medium.  The  other  por- 
tion of  the  ray  of  light  penetrates  into  the  transparent  substance, 
wiien  it  is  propagated  without  altering  its  direction,  if  tlie  incidence 
is  normal;  whereas  it  is  refracted,  if  the  ray  falls  obliquely  on  the 
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surrnce.  But  in  both  cases  the  ray  i-emains  simple  ;  it  is  still  simple, 
when  it  eniei^es  from  a  traiisjiarent  medium,  so  that  the  eye  which 
receives  it  only  seea  a  single  image  of  tlie  luminous  source.  This, 
however,  is  by  no  means  always  the  case;  certain  siilistances  act  upon 
a  ray  of  light  iu  its  passa^'e  through  them  and  split  it  up  into  two, 
whence  two  images  of  the  oliject,  instead  of  one,  are  seen,  as  Bartholin 
lirst  proved. 

In  lodes  and  raetamtirphic  limestones  and  clays,  a  mineral  is  found 
which  crystallizes  in  the  fonn  of  a  solid  rhomltoliedron  with  six  jmral- 
lul  sides,  which  is  verj-  trauspai'ent  and  colourless  ;  its  chemical  com- 
position shows  it  to  he  a  carbonate  of  lime  with  Irace.-*  of  protoxide 
of  manganese.  The  most  beautiful  specimens  come  from  Iceliiud,  and 
attain  a  thickness  of  several  inches;  the  mineral  is  known  under  the 
name  of  helnnd  spar. 


Crystals  of  this  kind  are  split  with  the  greatest  ease  in  certain 
directions,  so  that  an  exact  geometrical  form  can  Ite  given  them, 
which  is  more  convenient  for  the  study  of  their  optical  pro[>erties. 
The  rhombohedron  is  then  hounded  by  six  lozenges  equal  among 
themselves. 

I-^ch  of  these  lozenges  has  two  obluse  angles,  measuring  101'  .'>.')', 
and  two  acute  angles  of  78'  0'.  Of  the  eight  solid  angles  which  form 
the  Buiiimits  of  the  cry.stal,  six  are  formed  of  an  obtuse  angle  and 
two  acule  angles;  the  two  others,  of  three  obtuse  angles. 

I.«t  ns  imagine  that  these  two  latter  are  joined  by  a  straight  line  : 
this  diagonal  of  the  rhombohedron  in  of  great  importance  in  reference 
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to  the  phenomena  of  which  we  are  about  to  apeak  ;  this  is  called — 
we  shall  preaently  see  why — the  optic  axis  of  the  (jrystal. 

We  will  now  describe  the  phenomena  of  double  refraction,  wliioh 
can  be  easily  observed  by  means  of  a  specimen  of  Iceland  spar. 

Let  us  take  a  piece  of  this  crystal ;  place  it  on  a  line  of  writing, 
and  look  through  it :  we  witness  the  phenomenon  which  struck 
Barthohu.  Each  letter  is  doubled.  Let  us,  also,  notice  that  each 
separate  image  is  not  so  black  as  the  letter  itself:  it  liaa  a  greyish 
tint,  and  that  this  has  nothing  to  do  with  the  absorption  of  light  by 
the  crystal  is  evident,  because  tlie  tint  is  black  where  the  two  images 
are  superposed.  The  edges  of  the  crystal  itself  seen  by  refraction 
appear  double ;  aud  a  straight  line  traced  on  paper  is  changed  into 
two  parallel  lines.  If  we  allow  a  beam  of  solar  light  to  fall  on  one  of 
its  sides,  the  luminous  ray  issues  as  a  double  ray  and  fonns  two  sepa* 
rate  images  on  a  screen,  the  distance  between  tlicm  depending  on  the 
inclination  of  the  incident  ray  to  the  side  of  the  crystal.     We  will 


now  go  farther  into  the  analysis  of  the  phenomenon  ;  and  to  simplify 
the  experiment,  let  us  examine  one  part  at  a  time.  Seen  through  the 
crystal,  the  images  appear  double  ;  hut  if  we  turn  the  crystal  on 
itself,  parallel  to  the  faces  of  incidence  and  emergence,  we  observe 
that  one  of  the  images  turns  round  the  other,  and  when  an  entir« 
revolution  has  been  descriljed  by  the  crystal,  one  image  returns  to 
its  first  position,  after  having  described  a  circle  round  the  other 
immoveable  one.  When,  instead  of  observing  one  point,  the  same 
experiment  is  mnde  on  a  straight  line,  it  will  be  noticed  that  in 
two  different  positions  of  the  crystal  one  of  the  lines,  which  appears 
to  be  moved  parallel  to  the  other,  attains  a  maximum  digression ; 
in  two  other  positions,  the  two  images  seem  to  coincide.  But  this 
coincidence  is  only  apparent ;  for  if  a  point  on  the   obsen'ed  line 
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is  marked,  we  see  the  double  image  of  this  point,  where  the 
images  of  the  lines  are  superposed.  Then  the  rotation  of  one  of 
the  images  round  the  other  takes  place  in  this  case,  as  in  the 
preceding  one.  Let  us  now  see  why  the  name  of  ordinary  image 
is  given  to  the  immoveable  image,  and  that  of  extraordhiari/  iviage 
to  that  which  rotates  round  the  first.  The  reason  is,  that  the  refracted 
ray  which  produces  the  immoveable  image  follows  during  its  path  the 
laws  of  simple  refraction,  such  as  were  enunciated  by  Snellius  and 
Descartes,  whilst  the  other  ray  does  not  obey  the  same  laws.^  Tliis 
characteristic  difference  between  the  two  images  can  be  exhibited  in 
many  ways.  If  we  cause  a  ray  of  light  to  fall  perpendicularly  on 
one  of  tlie  faces  of  the  crystal,  it  will  be  bifurcated  in  penetrating 
into  the  interior;  but  one  of  the  rays  will  follow  the  direction  of 
the  incident  ray,  and  will  not  be  refracted  on  its  emergence :  this  is 
the  ordinary  ray,  which  obeys  Descartes'  law.  The  other  ray  will 
be  deviated  from  the  direction  of  the  incident  rav,  both  on  its 
entrance  into  and  emergence  from  the  crystal :  this  is  the  ray 
which  pi-oduces  the  extraordinary  image. 

When  the  incidence  is  oblique,  the  two  rays  are  refracted ;  but  the 
ordinary  ray  is  equally  deviated  whatever  the  position  of  the  crystal 
may  be.  provided  that  the  sides  of  incidence  and  emergence  remain 
parallel  to  their  first  position ;  in  a  word,  its  path  is  that  which  it 
would  preserve  through  a  piece  of  glass  with  parallel  sides.  It  is  not 
so  with  the  other  ray,  which  gives  rise  to  the  extraordinary  image, 
since  this  image,  as  we  have  already  shown,  turns  round  the  first,  if 
the  crystal  be  caused  to  revolve  parallel  to  itself. 

In  this  movement  of  the  extraordinary  image  there  is  a  circumstance 
which  must  be  noted.  If  the  crystal  be  placed  on  a  sheet  of  paper  on 
which  a  point  is  marked,  and  the  eye  be  in  the  plane  of  incidence,  the 
ordinary  refracted  ray  will  be  also  in  this  plane,  as  the  law  of  simple 
refraction  shows,  and  the  ordinary  image  0  of  the  point  will  be  on  the 
line  1 1  of  the  plane  of  incidence  with  the  paper  (Fig.  254).  But  it  will 
not  be  the  same  with  the  extraordinary  image  E,  and  the  lines  which 
join  the  two  images  o  e  will  make  an  angle  with  the  line  of  which 
we  have  spoken.     Now,  we  observe  tliat  this  line  OE  always  remains 

*  In  a  won!,  on  the  one  hand,  the  extraordinary  refracted  x\\y  is  not  penemlly  in 
the  plane  of  incidence  ;  and,  on  the  other,  the  relations  of  the  nines  of  the  iingles  of 
incidence  and  refniction  do  not  remain  constant. 
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|iiimllol,  (luriiij;  llin  riiliilitui  umviMiiciit.,  lo  lliti  bisector  A  D  of  llie  ob- 
tUBL'  unsln  of  tint  side  piimlk-l  to  tlio  plimi;  of  the  paper.  A\m  when, 
owing  to  tlita  movcmont,  tliia  bisector  la  placed  parallel  to  ii,  the 
uxttuontiiiary  iiiinjjo  is  itsulf  on  Ihia  line,  ftiid  the  two  rcfmcted  rays 
nrti  both   in  tlio  phiiii;  of  iiuiili'iiw. 


Thpw  18  thoii,  Hiiimi^j;  tiiu  sections  which  cut  the  crystiil  [lerpen- 
dicuWIy  lo  one  of  its  sides,  a  sectinu  of  such  n  nature  that  if  the 
iuoidoHl  ray  woro  foiiiid  contained  there,  the  cxtruoi-dinur  ray  would 
ob(»y  tlw  tirst  kw  of  simple  wfraoliou  usactly  like  the  other  ray, 
Tliiaplmitfi!*  (^U«d  thi' jii-tMrt'/m/ Mv-/ii.*i.     Each  pUue,  per|)endiciitar 


to  Mk»  of  tlw  Uiem  uf  Iceland  spar,  toA  panilel  to  tlw  sn«U  diagoaal 
of  the  loMiiga,  or  to  \it»  lusitctor  of  the  obtnse  angte.  is  oat  principal 
neUoa  of  ibis  tta». 

tlatAk  pTiRcipal  Kctinn  is  pandM  lo  the  optic  axis;  and  this 
eouditioB  SHtKces ;  so  that  if  an  attiiicMl  foce  vere  mt  in  the 
•.-ryital.   auy  plane  perpendicuUr  to  tht<  fucf  and   parallel  lo  the 
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optic  axis,  woulil  also  be  ii  priticipal  section  of  the  artificial  face. 

Lastly,  if  wu  iimke  an  artifitiiil  fucc  ABC  jjerpendicular  to  the  optic 

nxis  .v  I,  every  ray  which  falls  on  tliis  face  will  necessarily  be  in 

a  principal  section,  and  ihe  two  refracteil  rtiys  will  ahvaytt  be  in  the 

plane   of    incidence.     In   tliis   case 

observation  proves  that  if  tie  inct- 

deut  my  is  normal  to  llic  artificial 

face,  the  refracted  ray  alone  pciiiiiiiis. 

Tills    is    therefore    a  dii-ection    in 

wliich  the  plieiiotnenon  of  bifurcation 

vauiaht's :  double  i-ufraction  no  longer 

takes  place,  when  the  incident  ray  is 

parallel  to  the  optic  uxis. 

Monye   made  a  remarkable  ex-     y,,,,  ~xm  -Arniicni  iwii«n  iwri-coiciiint 
perinieut,    very     easy     to     repeal, 

which  shows  us  the  path  followed  by  the  rays  emanating  from  a 
Inmiuous  point  thrnuyh  the  crystal  in  giving  rise  to  the  two  image.% 
onljiiary  and  extraordmnvy,  of  the  point.     If  we  pxamine  the  doulile 


image  of  a  jwint  s  (Yig.  257t.  aitualcd  at  some  distance  from  the 
lower  face,  and  place  undemeutli  this  face  an  opaque  card,  a  h.  we 
shall  notice  with  surprise  that  the  most  distant  image  of  the  card 
first    di»api>eai-« ;   and   this   is  explained   lu-   follows.     A   luminous 


382  PHYSICAL  PHENOMENA,  [nooK  iii. 

incident  pencil,  8 1,  is  bifurcated,  and  gives  two  refracted  rays ;  whence 
on  issuing  from '  the  parallel  face,  two  emergent  rays  arise ;  they 
diverge,  and  one  of  them  can  then  only  penetrate  the  eye :  let  us 
suppose  this  the  one  which  produces  the  ordinary  image  o.  An  inci- 
dent pencil,  near  the  first,  will  also  give  two  emergent  rays,  one  of 
which  will  penetrate  to  the  eye  and  will  produce  the  extraordinary 
image  e.  As  the  faces  of  the  crystal  are  parallel,  each  emerging  ray 
is  composed  of  rays  parallel  to  those  of  the  incident  ray.  As  those 
which  produce  the  image  are  concentrated  in  the  eye,  it  is  necessary 
that  the  corresponding  refracted  rays  cross  each  other  in  the  crystal. 

Monge's  experiment  is  explained  thus :  the  card  a  b  first  inter- 
cepts the  pencil  which  produces  the  most  distant  image,  and  it  is 
this — the  extraordinary  image  E — wliich  must  naturally  disappear 
first. 

Such  are  the  most  remarkable  circumstances  which  constitute 
the  phenomenon  of  double  refraction.  The  laws  which  govern  this 
phenomenon  are  too  complex  to  allow  us  to  explain  them  in  an 
elementary  work  like  this.  But  we  will  endeavour  to  give,  in  a 
few  lines,  some  idea  of  the  difference  which  exists  between  simple 
and  double  refraction. 

We  have  already  said  that  the  ordinary  ray  follows  the  two  laws 
of  Descartes  ;  in  other  words,  that  the  refracted  ray  is  always  in  the 
plane  of  incidence,  and  that  if  the  angle  of  incidence  is  changed, 
the  relation  wliich  exists  between  its  sines  and  those  of  the  refracting 
angle  is  always  constant.  The  extraordinary  ray  only  follows  the 
first  of  these  laws,  if  the  incident  ray  is  in  a  principal  plane.  But 
it  does  not  follow  the  second,  so  that  the  relation  of  the  sines,  which 
is  called  the  index  of  refraction,  varies  according  to  the  angle  that 
the  incident  ray  makes  with  the  optical  axis  of  the  crystal.  Is  this 
angle  nil,  or  is  the  incident  ray  parallel  to  the  optical  axis?  In  this 
case  only,  double  refraction  disappears ;  one  of  the  images  is  blunded 
with  the  other:  there  is  equality  between  the  ordinary  and  extra- 
ordinary indices  of  refraction. 

As  the  angle  increases,  so  does  the  inequality  of  these  indices,  and 
it  is  a  niaxiinuni  if  the  incident  ray  is  perpendicular  to  the  optic 
axis.  For  Icc^land  .sj)ar,  the  only  crystal  endowed  with  the  power 
of  double  refraction  that  we  have  hitherto  examined,  the  index  of 
refraction  of  the  onlinarv  rav  is  ^^i-eater    than    that    of  the    extia- 
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ordinary  ray.  The  contrary  takes  place,  if  certain  otiier  bi-refractive 
substances  are  employed,  such  as  rock-crystal.  In  order  to  explain 
the  cause  of  this  difference  we  should  be  obliged  to  expound  the  entire 
theory  of  simple  and  double  refraction,  according  to  the  undulatory 
theory,  to  show  that  refraction  is  caused  by  the  difference  of  velocity 
which  the  etlier  waves  undei^  in  passing  from  one  medium  into  a 
more  refractive  one ;  that  the  ordinary  ray  acts  as  if  it  wure  in  a 
homogeneous,  non-ciystallized  medium,  whilst  the  extraordinarj-  ray 
is  propagated  with  more  or  less  facility,  according  as  it  is  moved  in 
such  or  such  direction  relatively  to  the 
position  of  the  crystalline  molecules. 

In  Iceland  spar,  the  velocity  of  the 
extraordinary  ray  is  the  greatest;  and 
the  reverse  is  the  case  in  rock-crystal. 
Hence  the  names  of  positive  and  negativt 
crystals  have  been  given  to  substances 
which  possess  double  refraction  according 
as  they  are  included  in  one  or  the  other 
category,  the  type  being  for  the  first,  rock- 
cryslal,  and  for  the  second,  Iceland  spar. 
Tourmaline,  rubies,  emeralds  are  nega- 
tive crystals;  quartz — the  mineralogical 
name  of  rock-crystal — sulphate  of  potas- 
sium and  of  iron,  hyposulphate  of  lime, 
and  ice  are  numbered  with  tlie  positive  fio  »s«.— Bocucrjiui. 

crystals.  Double  refraction  is  also  producetl  in  a  certain  class  of 
crystalline  substances  known  under  the  name  of  crystals  with  two 
axes,  or  biaxial  crystals.  Topaz,  arragonite,  sulphate  of  lime,  talc, 
feldspar,  pearl,  and  sugar  are  crystals  with  two  axes :  in  each  crystal  of 
this  kind  tiiere  are  two  different  directions  in  which  the  incident  ray 
passes  without  being  bifurcated;  these  two  directions  are  the  optic 
axes  of  the  crystal.  But  there  is  an  essential  difference  between  the 
phenomena  of  double  refraction  in  crystals  with  one  axis,  or  uniaxial 
crystals,  and  those  of  crj'stals  with  two  axes,  or  biaxial  crystals. 
In  the  first,  one  of  the  two  refracted  rays  follows  the  laws  of 
simple  refraction;  in  the  others,  the  two  rays  are  both  extraordinary: 
neither  of  them  follows  Descartes'  laws.  Fresnel's  experiment  proves 
the  fact  very  simply.     A  topaz  is  divided  into  several  pieces  cut 


384  PHYSICAL  PIIEXOMENA,  [book  iii. 


in  different  directions,  and  these  pieces  are  fastened  together  by 
their  plane  surfaces  so  that  the  form  of  a  parallelopiped  is  given  to 
the  whole.  Then  on  looking  at  a  straight  line,  two  images  of  the 
line  are  seen,  and  each  of  these  images  is  a  broken  line  of  which 
the  different  jmrtions  con'espond  to  the  fragments  of  the  topaz :  now, 
if  one  of  the  systems  of  refracted  rays  followed  Descartes'  law,  the 
image  produced  would  be  a  straight  line,  for  the  direction  of  the 
rays  in  the  prism  would  then  be  independent  of  the  direction  of  the 
optic  axis  in  each  piece  which  composes  it.  Experiment  thus  proves 
that  the  two  rays  are  both  extraordinary  rays.  We  shall  soon  find 
another  means  of  distinguishing  crystals  with  one  or  two  axes  from 
each  other. 

We  may  conveniently  end  this  chapter  by  enumerating  the 
refractive  media  in  which  phenomena  of  this  order  are  not  mani- 
fested, or,  in  other  words,  which  are  endowed  with  simple  refraction. 
First  there  are  gases,  vapours,  and  liquids ;  then,  among  substances 
which  Jiave  passed  from  a  li([uid  to  a  solid  state,  those  whose  mole- 
cules have  not  taken  a  regular  crystalline  form,  such  as  glass,  glue, 
gum,  and  resins ;  lastly,  crysUils  whose  primitive  form  is  the  cube, 
regular  octahedron,  and  the  rhomboidal  dodecahedron.  It  must  be 
added  that  the  bodies  belonging  to  these  two  last  cfitegories  can 
acquire  the  property  of  double  refraction  when  they  are  subjected 
to  violent  compression  or  expansion;  also  when  their  different  parts 
are  unequally  heated.  Certain  solids  belonging  to  the  vegetable 
or  animal  kingdom, — horn,  feather,  and  mother-of-pearl, — are  also 
endowed  with  double  refraction. 
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POLARIZATION   OF   LIGHT. 


Equal  intensity  of  the  ordinary  and  extraordinary  images  in  a  doii])Iy  refractive 
crystal — Natural  light — Huyghens'  experiments  ;  variations  of  intensity  with 
four  images  ;  polarized  light — Polarization  of  the  ordinary  ray  ;  polarization  of 
the  extraordinary  ray  :  the  two  planes  in  which  these  polarizations  take  place — 
Polarization  by  reflection. 

TTTHEN  a  luminous  object  is  viewed  through  a  double  refracting 
*  •  crystal,  a  rhombohedron  of  Iceland  spar  for  instance,  we  know 
that  two  distinct  images  are  seen ;  one  ordinary,  following  the  law 
of  simple  refraction,  the  other  extraordinary,  the  properties  of  which 
we  have  indicated  in  the  preceding  chapter.  The  latter  is  easily 
recognized  as  it  revolves  round  the  other,  when  the  cr}^stal  is  made 
to  rotate  in  a  plane  parallel  to  the  faces  of  incidence  and  emergence 
of  the  rays.  It  is  now  necessary  to  remark  that,  in  all  these  posi- 
tions, the  relative  intensity  of  the  two  images  has  not  varied:  the 
brightness  of  each  of  them  is  the  half  of  that  of  the  luminous  object, 
as  can  be  easily  proved  by  direct  observation.  Let  us  suppose  that 
we  examine  a  small  white  circle  on  a  black  ground.  In  all  parts 
where  they  are  separated,  the  two  images,  ordinary  and  extraordinary, 
of  the  circle  present  a  greyish  tint  of  the  same  intensity,  and  the 
brightness  equals  that  of  the  object  when  the  two  images  are  super- 
posed. Indeed,  the  same  phenomenon  always  takes  place,  whatever 
the  respective  colours  of  the  object  and  ground  may  be.  Tlie  same 
result  is  also  shown  if  we  allow  a  ray  of  solar  light  to  fall  on  the 
crystal  and  receive  the  two  refracted  rays  on  a  converging  lens,  tho 
two  images  being  projected  on  a  screen  (Fig.  259).  If  the  crystal 
is  made  to  revolve  parallel  to  the  face  of  incidence,  the  tw^o  images 
are  displaced,  each  describing  a  circumference  of  a  circle,  and  we 
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observe  that  ia  every  position  the  luminous  intensities  are  equal. 
If  the  two  images  are  partly  superposed,  the  brightness  of  the  super- 
posed parts  will  be  double  that  possessed  by  the  separate  parts,  as 
shown  in  Fig.  260. 


An  old  and  beautiful  experiment,  due  to  Huyghens,  proves  that 
the  rays  which  emerge  from  Iceland  spar  have  acquired  new  and 
remarkable  properties,  after  their  deviation  in  the  crystalline  medium, 
— properties  which  they  did  not  possess  before  passing  through  the 
crystiil.  This  experiment  consists 
in  receiving  the  ordinary  and 
extraordinary  rays,  after  their 
emergence  from  the  first  rhombo- 
hedron,  on  a  second  crystal,  and 
examining  the  relative  intensities 
of  the  images  which  they  produce, 
when  the  second  crystal  is  caused 
to  revolve  over  the  first.  Tlie 
following  is  a  very  simple  method 
of  observing  the  phenomena  which 
are  thus  protluced ;  it  is  that 
""■  «7S™,!i'r,;!V4™'"""'  ^'liich  Huyghens  himself  devised. 
Let  lis  place  the  first  crystal  on  a 
black  spot  on  a  white  ground;  there  will  l>o  two  images  of  eqiml  in- 
tensity. We  will  ni»w  place  a  second  piece  of  Iceland  spar  on  tlie  first, 
and  it  nmst  1"'  placed  so  that  their  princi]Mil  sections  coincide;  in  ordiT 
th;it  this  condition  may  lie  realized,  tlie  faces  of  one  must  be  placed 
piinilli^l  to  tlie  fiices  of  the  kUht:  there  will  Ijo  only  two  images  i>f  tlic 
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Baiuc  iuti'iisity  as  before.  Only,  llic  two  iiimyes,  ordiiiniy  and  extra- 
ordinary, will  be  more  separated  tliaii  by  one  cryHtal.  The  same  til'ect 
would  take  place  if  tlie  princiinil  sections  of  tlie  two  rliombohedra 
remained  Jii  the  same  plane,  or  in  jiaralld  planes  when  even  tlie  two 
Dppoaito  faces  of  Llie  crystals  were  not  jiai-allel ;  and  it  is  not  necessniy 
that,  in  the  first  position,  the  two  rhoniboliedra  timch  eacli  other. 

We  observe  then,  ali'eady,  a  difference  between  the  luminous  ray 
before  ita  refraction  by  Icebuid  spar,  and  each  emerging  ordinary  or 
extraordinary  ray;  whilst  the  Hi-at  is  bifurcated  in  p-'netratinf;  tlie 
crystal,  it  appears  that  the  two  others  remain  simple  iit  peuetratiiij,' 
a  second  crystal. 


Let  us  now  slowly  turn  the  upper  crysLil,  so  that  tlie  principal 
section  makes  f^eater  and  ftreatcr  angles  with  that  of  tlie  fir.st.  We 
then  see  four  images  appeiir;  each  of  the  two  fn-st  will  be  divided, 
but  the  equal  intensity  which  characterized  them  is  not  retained  in 
the  others.  Of  these  fonr  images,  arranged  at  the  angles  of  a 
lozenge  with  regular  sides,  but  with  uncipial  angles,  two  pmceod 
from  double  refniction.  in  the  upper  crystal,  of  the  ordinary  emergent 
ray ;  the  two  othei-s  prneeod  from  the  double  rcfraetion  of  the  extra- 
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ordinury  ray.  But  an  importaat  difference  to  be  iudicated  is  that, 
iu  general,  each  couple  ia  characterized  by  a  difference  in  the  lumi- 
nous intensity  of  the  images.  Fig.  2l)l  represents  their  relative 
positions  and  intensities  for  angles  comprised  between  0°  and  180°  of 
the  principal  sections  of  the  two  crystals.  If  the  principal  sections 
are  at  right  angles,  only  two  images  are  seen ;  if  they  make  an  angle 
of  180°  and  the  crystals  have  the  same  thickness,  the  two  imc^es 
are  superposed ;  in  the  latter  case,  the  deviations  made  by  eaxih 
crystal  being  in  opposite  directions,  there  is  only  one  image. 

It  already  follows  from  this  first  experiment  that  eacli  ray  of 
light  which  has  passed  through  a  doubly  refracting  crystal  no  longer 
possesses,  after  its  passage,  the  same  properties  in  all  directions ;  for 
in  certain  directions  it  is  no  longer  susceptible  of  iindergoing  a  new 


bifurcation,  and  in  others,  the  two  rays  into  which  it  is  divided  have 
no  longer  the  same  luminous  intensity.  To  distinguish  these  new 
propeities,  it  is  said  that  light  which  has  passed  through  a  doubly 
refracting   crystal   is  jiolai-ized  liijht. 

But  it  is  important  to  point  out  precis'-ly  the  phenomena  just 
described.  Let  us  suppose  that  a  ray  of  sular  light,  !?i  (Fig,  2(J2), 
is  allowed  to  fall  on  the  first  crystal  of  Iceland  spur,  its  principid 
section  being  vertical.  This  ray  is  divided  in  the  plane  of  the 
section  into  two  rays :  the  one  ordinary,  i  R ;  the  other  extra- 
ordinary, I  It'.  If  we  intercept  one  of  the  two  by  a  screen,  and 
allow  the  other  to  pass  throu^'h  a  second  |fiece  of  luchiiid  spur, 
llie  luminous  ray.  on  Inivcrsing  tJic  second  crvslal,  will  uudcr^'o 
double  rcfrai-liou:  it  will  lie  divided  into  (wo  ray.s — i  li,  whiiii  i^j 
the  onltuiiry  ray,  and  I'li',  wliii:li  is  the  exlr;Hirdiiiary  oim*.  Lastly, 
h\     the  Iu'lp  of   a    Ifiis,    wc    will   project   the  emerging    hlv^    ou    a 
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screen,  aiKl  examine  what  will  lia))peii  if  tlie  second  crystal  is 
turned  so  as  to  produce  at  its  principal  section  every  possible 
angle  with  that  of  tlie  first,  from  0°  to  :iCO°.  Fig.  2CH  shows  the 
relative  intensities  of  the  two  iui^es  if  the  ordinary  my  from  the 
first  crystal  has  travei-tied  tlie  second;  Fig.  204  shows  on  the  con- 
trary what  these  intensities  are,  when  the  extraordinary  ray  emer- 
gent from  tlie  first  is  allowed  to  pass  tlirongh  the  second  prism. 


AVe  may  now  sum  up,  A  ray  of  oniinary  light  has  entered  the 
first  crystal  wlieu  it  undergoes  double  refraction,  and  each  of  the  rays 
which  emerge  hiis  ]iarticular  properties  which  are  illstinguished  by 
saying  that  it  is  jiolnri/ed :  for  this  reason,  tlie  first  crystal  receives 
tlie  name  of  polarizer.  T!ic  .'iecoiid  crystal  is  used  to  aiiiilyse  the 
properties  which  each  pemil  has  aci{uired  by  polarization :  this  is 
called  the  analyser. 

The  ordinary  ray,  on  passing  through  the  analyser,  is  divided  into 
two  rays,  the  intensity  of  which  varies  according  to  the  angle  the 
principal  section  i)f  the  second  crystal  makes  with  lliat  of  the  first, 
and  wliicli  gives  twn  images,  one  oniinary,  the  other  exti-aordinary. 
If  this  angle  is  0  or  1SII°,  the  ordinary  image  alone  exists  with 
maximum  intensity,  the  extraordinary  image  having  disappeared  ; 
at  i'O'  or  27i>"  the  extraonlinary  image  bus  attained  its  maximum 
brightness,  the  other  having  disappe^ired.  For  intermediate  positions 
when;  the  second  principal  section  fiirms  angles  of  4.1'  with  the  first, 
the  two  images  have  the  same   intensity.     T^^tly,  in  other  relative 
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positions  of  the  principal  sections  of  tlie  crystals,  tliere  is  unequal 
intensity  in  one  or  other  of  the  images.  It  is  then  said  that  the 
ordinaiy  ray  is  polarized  in  the  plane  of  the  principal  section ; 
this  plane  is  called  the  jylanc  of  polarization.  Now,  like  the  second 
ray,  the  extraordinary  ray  undergoes  the  same  modifications  on  passing 
through  the  anali/scr,  with  the  essential  difference  that  as  there  is 
always  a  difference  of  90°  in  the  relative  position  of  the  principal 
sections,  it  is  said  to  be  polarized  in  a  plane  perpendicular  to  the 
first  plane  of  polarization.  Its  plane  of  polarization  makes  a  right 
angle  with  the  principal  section  of  the  polarizer.  Therefore  the 
two  rays,  ordinary  and  extraordinary,  proceeding  from  a  ray  of  light 
which  has  undergone  double  refraction,  are  polarized  at  right  angles. 

Polarization  by  double  refraction,  such  as  we  have  just  studied  in 
Iceland  spar,  is  produced  in  the  same  manner  with  all  doubly  re- 
fracting crystals.  But  it  is  not  always  easy  to  observe  it  on  account 
of  the  slight  separation  of  the  ordinary  and  extraordinary  rays. 
With  Iceland  spar  itself  it  is  necessary  to  have  crystals  of  a  cei-t^in 
thickness,  in  order  that  one  of  the  rays  can  be  more  readily  inter- 
cepted with  a  screen.  To  obtain  this  separation  of  the  polarized 
j)encils  some  very  useful  apparatus  have  been  invented,  among  which 
may  be  mentioned  Nicol's  prism. 

Nicol's  prism  consists  of  a  long  crystal  of  Iceland  spar  which  has 
been  cut  in  two  in  a  plane  perpendicular  to  the  principal  section. 
The  two  pieces  again  placed  in  their  original  positions  are  joined 
together  by  means  of  a  layer  of  Canada  balsam.  The  refractive 
index  of  this  substance  is  intermediate  between  the  refractive  indices 
of  the  spar  wdiich  correspond,  one  to  the  ordinary,  the  other  to  the 
extraordinary  ray.  Hence  it  follows,  as  has  been  accurately  shown 
and  confirmed  by  experiment,  that  if  a  ray  of  light  enters  in  the 
direction  of  the  length  of  the  crystal  and  there  divides  into  two  by 
double  refraction,  the  ordinary  ray  undergoes  total  reflection  at  the 
surface  of  the  Canada  balsam,  whilst  the  extraordinary  ray  alone 
passes  into  the  second  half  of  the  crystal  and  emerges  from  the 
opposite  face. 

Let  us  8Up[)0sc  that  two  of  Nicol's  prisms  are  used  to  work  out 
lluyghens'  experiment.  It  is  evident  that  only  two  images  will  be 
obtained,  those  which  proceed  from  the  emergent  ray ;  that  is  to  say, 
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from  the  extraordinary  ray  polarized  by  the  first  itrism.  If  the 
principal  sections  of  the  two  prisms  are  parallel,  one  of  the  images, 
the  ordinary,  is  nH,  the  extraonlinary  one  at  its  maximum  brightness; 
if  the  principal  sections  are  at  right  angles,  both  of  them  disappear, 
as  the  ordinary  image  wliicb  ought  to  have  a  maximum  intensity 
nndergoes  total  reflection,  and  the  intensity  of  the  extraordinary 
image  is  nil.  Tlie  first  prism,  that  which  receives  tlic  ray  of  ordinary 
light,  is  the  Nicol  polarizer ;  the  other  is  the  Xicol  analyser. 

This  property  of  Nicol's  prism,  of  allowing  only  the  extraordinary 
ray  to  emei^e,  belongs  also  to  a  natural  crystal,  tourmaline,  ■which, 
when  it  possesses  a  certain  thickness,  strongly  absorbs  the  ordinary  ray. 
M.  Biot  discovered  this  remark- 
able property  in  1815 :  it  will 
enable  us  to  quote  from  Sir  .T. 
Herschel  another  example  of  the 
polarization  of  light  by  double 
refraction. 

"  When  we  take  one  of  these 
ciystals,  and  slit  it  (by  the  aid  of  a 
lapidarj^'s  wheel)  into  plates  paral- 
lel to  the  axis  of  the  prism,  of 
moderate  and  unifonn  thickness 
(about  s\>th  of  an  inch),  which  must 
be  well  polished,  luminous  objects 
may  be   seen   through   them,   as 

through  plates  of  coloured  glass.  Let  one  of  these  plates  be  interposed 
perpendicularly  between  the  eye  and  a  candle,  the  latter  will  be  seen 
with  equal  <Iistinctness  in  every  position  of  the  axis  of  the  plate  with 
respect  to  the  Iiorizon  (by  the  axis  of  the  plate  is  meant  any  line  in 
it  parallel  to  the  axes  of  its  molecules,  or  to  the  axis  of  the  prism 
from  which  it  was  cut).  And  if  the  plate  be  turned  round  in  its  own 
plane,  no  change  will  be  perceived  in  the  imt^e  of  the  candle.  Now 
holding  this  first  plate  in  a  fixed  position  (with  its  axis  vertical,  for 
instance),  let  a  second  be  interposed  between  it  and  the  eye,  and 
turned  round  slowly  in  its  own  plane,  and  a  very  i-etnnrkable  phe- 
nomenon will  be  seen.  The  candle  will  appear  and  disappear  alter- 
nately at  everj'  quarter  of  a  revolution  of  the  plate,  passing  through 
all  gradations  of  brightness,  from  a  maximum  down  to  a  total  or 
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almost  total  disappearance,  then  increasing  again  by  the  same 
degrees  as  it  diminished  before.  If  now  we  attend  to  the  position  of 
the  second  plate  with  respect  to  the  first,  we  shall  find  that  the  maxi- 
mum of  illumination  takes  place  when  the  axis  of  the  second  plate  is 
parallel  to  that  of  the  first,  so  that  the  two  plates  have  either  the 
same  positions  with  respect  to  each  other  that  they  had  in  the  original 
crystal,  or  positions  differing  by  180°,  while  the  minima,  or  disappear- 
ances of  the  image,  take  place  exactly  90°  from  this  parallelism,  or 
when  the  axes  of  the  two  plates  are  exactly  crossed.  In  tourmalines 
of  a  good  colour,  the  stoppage  of  the  light  in  this  situation  is  total, 
and  the  combined  plate  (though  composed  of  elements  separately  very 
transparent  and  of  the  same  colour)  is  perfectly  opaque." 

Thus  the  beam  of  ordinary  light  which  has  passed  through  the  first 
plate  of  tourmaline  is  polarized  like  that  which  emerges  from  a  crystal 
of  Iceland  spar.  All  its  sides,  all  its  faces,  if  we  may  so  express  it,  do 
not  possess  the  same  property.  We  shall  now  see  that  double  refraction 
is  not  the  only  means  of  transforming  ordinary  into  polarized  light. 

In  1808,  Mains,  a  Fi*ench  physicist,  famous  for  his  beautiful  re- 
searches on  optics,  while  accidentally  looking  through  a  crystal  of 
Iceland  spar  at  the  setting  sun  reflected  by  the  window  panes  of  the 
Luxembourg  Palace,  remarked  with  surprise  that,  on  turning  the 
prism,  the  two  images  changed  in  intensity ;  the  most  refracted  was 
alternately  brighter  or  less  bright  than  the  other,  at  each  quarter 
of  a  revolution.  On  minutely  analysing  this  phenomenon,  he  dis- 
covered that  reflection  at  certain  angles  is  sufficient  to  induce  in  a 
luminous  ray  the  same  properties  which  a  ray  possesses  after  having 
traversed  a  doubly  refracting  crystal  such  as  Iceland  spar.  Huyghens' 
experiment,  concerning  which  both  Huyghens  and  Newton  had  in 
vain  tried  to  produce  a  theory,  was  no  longer  an  isolated  phe- 
nomenon; and  it  w^as  in  the  endeavour  to  explain  it  by  Newton's 
theory  that  Mains  was  led  to  give  the  term  polarization  of  light 
to  the  modification  undergone  by  the  luminous  rays  in  the  ex- 
periment just  mentioned.  Three  years  later,  in  1811,  Mains,  Biot, 
and  Brewster  discovered  separately  polarization  by  simple  refraction : 
Arago,  chromatic  polarization  ;  and  since  then  many  new  facts  be- 
lon<'in<'  to  the  sin^T^ular  moditications  of  tlie  luminous  rays  in  the 
})hunoinena  just  described  have  helped  to  form  one  of  tlie  most 
intorpsling  branches  of  S('ioiuM\  as  fruitful  of  tlieorv  as  of  practical 
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application.  As  the  limits  and  elementary  nature  of  this  work  do 
not  allow  us  to  enter  into  long  details,  we  can  only  describe  some 
of  tlie  more  remarkable  of  these  phenomena. 

And  first  of  polarization  h/  reflection.  When  a  beam  of  ordinary 
light  falls  obliquely  upon  a  non-metallic  mirror,  as  black  glass, 
marble,  or  obsidian,  it  acquires  by  reflection  the  same  properties  as 
if  it  had  traversed  a  double  refracting  crystal :  it  is  polarized. 

If  a  plate  of  black  glass  is  placed  on  a  table  in  front  of  an  open 
window,  and  the  light  of  the  clouds  reflected  by  the  plate  obliquely 
at  an  inclination  of  about  35°,  the  brightness  of  the  mirror  appears 
uniform.  If,  without  changing  the  position,  the  bright  surface  is  ob- 
served through  a  plate  of  tourmaline  split  parallel  to  its  optical  axis, 
and  if  this  plate  is  made  to  turn  in  its  own  plane,  the  following  varia- 
tions will  be  seen  in  the  brightness  of  the  image  of  the  clouds  formed 
on  the  plate  of  glass.  If  the  axis  of  the  tourmaline  is  in  a  vertical 
plane,  the  image  disappeurs ;  the  plate  of  glass  seems  covered  with  a 
kind  of  dark  cloud  :  when  the  axis  is,  on  the  contrary,  horizontal,  that 
is  to  say,  parallel  to  the  plate  of  glass,  the  darkness  completely 
vanishes  :  lastly,  in  the  intermediate  positions  of  the  axis  of  the 
tourmaline  the  brightness  of  the  image  gradually  increases  from  the 
first  to  the  second  position.  If  the  analyser,  instead  of  being  a  plate 
of  tourmaline,  is  a  NicoFs  prism,  the  variations  of  brightness  of  the 
image  will  succeed  each  other  in  the  same  manner:  the  minimum  will 
take  place  when  the  principal  section  of  the  prism  is  vertical,  and  the 
maximum,  when  this  section  is  at  right  angles  to  its  first  position. 

From  these  experiments  we  infer  that  a  luminous  beam  falling 
with  an  inclination  of  35^  25'  (or,  in  other  words,  with  an  incidence 
of  54°  35')  on  a  plate  of  black  glass,  is,  after  reflection,  polarized  in 
the  ])lane  of  this  reflection.  This  angle  of  54°  35'  is  what  is  named 
the  angle  of  polarization  of  glass :  it  is  that  in  which  the  reflected 
ray  can  be  completely  extinguished  by  the  polariscope  analyser. 
This  is  expressed  by  saying  that  it  is  completely  polarized.  When 
the  angle  of  incidence  has  another  value,  the  image  of  the  beam 
is  not  completely  extinguished ;  in  fact,  the  reflected  ray  is  only 
partially  polarized. 

The  angle  of  polarization  varies  with  the  nature  of  the  reflecting 
substances.  Thus,  it  is  52°  45'  for  water,  5()°  3'  for  obsidian,  58°  40' 
for  topaz,  G8°  2'  for  diamond.     Brewster  made  a  very  curious  ex  peri- 
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inent  in  order  to  prove  the  difference  which  we  ahall  presently  point 
oDt  between  the  angles  of  polarization  of  two  snbstances, — glass 
and  water  for  example. 

He  placed  a  plate  of  ^ass  so  that  it  might  receive  and  reflect  a 
beam  of  light  at  an  incidence  of  54°  33',  which  is,  as  we  have  just 
seen,  the  angle  of  polarization  of  glass.  He  then  observed  the  re- 
flected beam  with  an  analyser,  in  snch  a  manner  that  all  light 
disappeared.  Now,  if  at  this  moment  any  one  breathed  on  the 
glass  plate,  the  image  again  appeared.  This  phenomenon  is  dne 
to  the  reflection  from  a  bed  of  water,  the  angle  of  polarization  of 
water  not  being  the  same  as  that  of  glass. 


Miilus  iiivtiited  an  apparatus  by  the  aid  of  which  all  the  pro- 
perties of  jiolarized  light  by  reflection  can  be  studied.  Besides  those 
wp  havp  Just  tifscrilieil,  there  are  others  which  characterize  this  Jight 
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when  it  is  reflected  after  falling  on  a  second  reflecting  plate.  Fig. 
2GG  repreaenta  the  apparatus  of  Malus  modified  and  perfected  by  M. 
Biot  I  is  tlie  polished  plate  for  polarizing  the  ray  of  light  SI  by 
reflection  from  the  surface  of  the  plate  ;•  the  reflected  and  polarized 
ray  ll,  tJien  enters  a  tube  blackened  inside  and  furnished  with  dia- 
phragms, and  passes  along  its  &\\'i. 

As  it  issues  from  tlie  tube,  tlie  ray  fails  on  a  plate  I'  of  black  glass, 
is  e^in  reflected,  and  either  falls  on  the  eye,  or  forms  an  image  on  a 
screen  e,  Tlie  frames  which  liold  the  two  reflecting  plates  can  be 
turned  round  on  an  axis  perpendicular  to  that  of  the  tube,  so  that 
their  planes  can  make  with  the  latter  all  possible  angles  ;  moreover, 
each  phite  can  be  turned 
in  one  of  its  positions 
also  round  the  axis  of 
the  tube ;  so  that  for  a 
given  incidence  of  the 
luminous  ray  on  the  first 
plate,  both  the  angle  of 
incidence  of  the  jwlar- 
ized  ray  on  the  other 
plat«,  and  the  angle  of 
the  second  plane  of  re- 
flection with  the  first,  can 
be  varied  at  will.  By 
means  of  this  apparatus 
it  can  l>e  shown  that  tlie 
maximum  brightness  of  the  image  takes  place  when  the  two  planes 
of  reflection  coincide ;  and  the  minimum,  when  these  two  planes  are 
at  ft  light  angle.  Moreover,  the  ray  is  completely  extinguished  when 
the  angle  of  incidence  on  each  of  the  two  mirrors  is  3")°  25',  provided 
always  that  the  Warn  has  not  too  great  an  intensity  as  in  the  case 
of  s(jlar  light.  Brewster  discovered  a  very  simple  law  which  exists 
between  the  angle  of  polarization  and  tlio  index  of  refraction  of  the 
suljstance  which  polarizes  light  by  reflection,  .so  that,  if  one  of  these 
elements  is  known,  we  can  deduce  the  other.  This  law  expresses 
the  following  geometric  relation:  the  reflected  ray  in,  polarized  at 
the  angle  of  polarization,  and  the  refracted  my  ir,  form  a  right 
angle.     Simple  refraction  also  polarizes  light.     This  was  disoovpred 
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separately  by  Malus,  Biot,  and  Brewster  in  1811.  The  phenomenon 
can  be  proved  by  Biotas  apparatus  (Fig.  266)  when  the  glass  I  has 
been  replaced  by  a  glass  prism.  If  the  i)risra  is  turned  so  that  the 
ray  issues  perpendicularly  to  the  face  of  emergence,  it  is  found 
by  turning  the  analyser  i',  that  the  beam  after  reflection  shows  a 
maximum  and  minimum  intensity,  but  not  in  a  very  decided  manner. 
The  light  then  is  partially  polarized :  as  the  maximum  of  brightness 
takes  place  when  the  plane  of  incidence  on  the  analyser  is  perpendi- 
cular to  the  place  of  incidence  on  the  prism,  we  see  that  in  this  case  the 
plane  of  polarization  is  perpendicular  to  the  plane  of  refraction. 

A  completely  polarized  ray  can  be  obtained  by  simple  refraction 
if  we  cause  it  to  successively  traverse  several  parallel  plates  of  glass 
at  an  angle  of  35"  25',  which  is,  as  we  have  seen,  the  angle  of  polai-- 
ization  of  glass.  These  thin  and  polished  plates  must  be  laid  one 
on  the  other,  in  such  a  way  that  a  thin  stratum  of  air  is  inter- 
posed between  each  plate:  the  apparatus  thus  arranged  is  called  a 
glass  pile ;  it  is  used  as  a  polariscope  by  placing  it  in  Biot\s  appa- 
ratus in  place  of  the  glass  i'.  We  will  not  enlarge  further  on 
this  curious  class  of  phenomena,  the  detailed  description  of  which 
would  detain  us  too  long,  and  which,  besides,  to  be  well  understood, 
would  require  difficult  theoretical  developments.  We  only  desire 
to  initiate  the  reader  into  the  fundamental  facts  the  discovery  of 
which  has  been  the  starting-point  of  this  important  branch  of 
modern  optics. 
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CHAPTER  XVII. 

CHROMATIC   POLARIZATION. 

Disiovery  of  the  colours  of  polarized  lij^ht,  by  Amgo— Thin  plates  of  doubly 
refractive  substances  ;  variations  of  colours  according  to  the  thickness  of  the 
plates — Colours  shown  by  compressed  and  heated  glass— Coloured  rings  in 
crystals  with  one  or  witli  two  axes — Direction  of  luminous  vibrations  ;  they  are 
l)erpendicular  to  the  direction  of  propagation,  or  parallel  to  the  surface  of  the 
waves. 

^^  TI7IIILE  examining  in  a  clear  light  a  somewhat  thin  plate  of  mica 
*  *  by  means  of  a  prLsm  of  Iceland  spar,  I  ol)sen'ed  that  the  two 
images  did  not  possess  the  same  tint  of  colour ;  for  one  was  greenish 
yellow,  while  the  other  was  reddish  purple,  and  the  portion  where 
the  colours  overlapped  presented  the  ordinary  colour  of  mica  as  seen 
by  the  naked  eye.  I  noticed  at  the  same  time  that  a  slight  change 
in  the  inclination  of  the  plate  as  regards  the  rays  which  traversed  it 
caused  a  variation  in  the  colour  of  the  two  images;  and  that  if  this  in- 
clination were  allowed  to  remain  constant  and  the  prism  in  the  same 
l)osition,  the  plate  of  mica  was  caused  to  turn  in  its  own  plane.  I  found 
four  ])ositions  at  a  right  angle  in  wiiich  the  two  prismatic  images  were 
equally  bright  and  perfectly  whit^.  If  the  plate  of  mica  were  left  at 
rest  while  the  prism  was  turned,  each  image  was  observed  successively 
to  acquire  different  colours,  and  to  become  white  after  each  quarter 
of  a  revolution.  In  addition  to  which,  for  all  positions  of  the  prism 
and  the  ])lat<3,  whatever  might  be  the  colour  of  one  of  the  images,  the 
other  always  presented  the  complementary  tint ;  and  wherever  the  two 
images  were  not  separated  by  the  double  refraction  of  the  crystal,  the 
mixture  of  the  two  colours  formed  white." 

It  was  in  these  terms  that  Arago,  in  a  memoir  road  at  the  Academic 
des  Sciences  on  the  11th  of  August,  1811,  described  the  experiment 
which  was  the  beginning  of  a  series  of  discoveries,  on  the  phenomena 
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of  coloration  of  polarized  light.  He  instantly  recognized  that  the  light 
transmitted  by  a  plate  of  mica  was  light  polarized  by  reflection  from  the 
atmospheric  strata:  in  dull  weather,  when  the  light  from  the  clouds  has 
the  nature  of  common  light,  the  two  images  seen  through  the  plate  of 
mica  would  show  no  trace  of  colour.  Thus,  in  order  to  produce  the 
phenomenon,  the  light  which  traverses  the  crystallized  plate  must  have 
been  previously  polarized.  This  condition  was  placed  beyond  doubt  by 
Arago,  by  means  of  several  experiments  in  which  he  received,  on  a 
plate  of  mica,  rays  reflected  by  a  mirror  of  black  glass :  he  then  noticed 
that  the  colours  of  the  two  images  observed  through  Iceland  spar 
were  brighter  when  the  light  was  reflected  at  an  angle  nearer  to  the 
angle  of  polarization  of  the  glass.  All  doubly  refracting  substances 
cut  in  thin  plates  parallel  to  the  axis,  possess  this  same  property  of 
colouring  the  polarized  light  which  traverses  them ;  thus  plates  of 
gypsum  (sulphate  of  lime)  can  be  used,  also  rock  crystal  and  Iceland 
spar.  But  the  thicknesses  of  the  plates  which  produce  these  colours 
vary  in  different  substances,  and  in  the  case  of  each  of  them  no 
coloured  images  can  be  obtained  if  the  thickness  is  not  comprised 
between  certain  limits.  A  plate  of  sulphate  of  lime  must  have  more 
than  0mm.  425,  and  less  than  1mm.  27,  of  thickness ;  a  plate  of  mica 
less  than  0mm.  085 ;  a  plate  of  rock  crystal  less  than  0mm.  45.  It  is 
difficult  to  obtain  colours  with  Iceland  spar,  because  the  thickness  of 
the  plate  must  not  exceed  the  fortieth  part  of  a  millimetre.  The 
inclination  of  the  plate  to  the  direction  of  the  polarized  rays  influences 
the  colours,  which  quickly  change  as  this  inclination  varies.  The 
thickness  with  the  same  inclination  of  the  plate  and  the  same  posi- 
tion of  the  prism  also  influences  the  colours  of  the  image ;  and  M.  Biot 
found  that  the  laws  of  variation  of  these  shades  or  tints  are  precisely 
those  which  Newton  discovered  for  the  coloured  rings  of  thin  plates 
obtained  by  the  superposition  of  two  lenses  ;  but  the  thicknesses 
of  the  doubly  refractive  plates  which  correspond  to  the  colours  of 
Newton's  various  orders  are  much  greater  than  those  of  the  stratum 
of  air  enclosed  between  the  lenses. 

This  property  of  the  change  of  colour,  according  to  the  thickness, 
is  employed  to  produce  varied  and  curious  elTects.  If,  after  having 
fastened  a  plate  of  gA'psum  on  a  piece  of  glass,  a  spherical  cavity  of 
large  radius  is  hollowed  out,  and  the  plate  is  examined  by  means 
of   Biol's  apparatus,  the  light  which  reaches    the    eye,  liaving   been 
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previously  polarized  before  traversing  the  plate  of  gypsum  and  the 
analyser,  a  series  of  coloured  concentric  rays  are  seen,  like  tliose 
observed  round  the  point  of  contact  of  tlie  two  lenses ;  if  we  engrave 
different  objects  in  the  hollow  of  the  plate, — such  as  flowers,  insects, 
and  butterflies, — the  depths  of  the  engraving  can  be  calculated 
at  the  different  points,  so  as  to  reproduce  the  bright  and  varied 
colours  of  the  natural  objects.  "  Formerly 
we  did  better,"  said  Mr.  Bertin,  recently,  in 
a  very  interesting  conference  on  polarization. 
"  and  profited  by  the  circumstance  to  do 
honour  to  the  author  of  these  beautiftil  ex- 
periments. In  the  midst  of  a  crown  of  leaves 
appeared  the  name  of  Arngo,  with  the  date 
of  his  discovery.  From  the  contemporaries 
of  the  great  man  it  was  perhaps  flattery ;  but 
now  that  he  is  no  more,  the  suppression  of 
this  experiment  in  a  course  of  physics  is 
an  act  of  ingratitude  :  we  forget  our  dead  to 
run  after  buttortlies."  It  would  be  just  to 
join  to  the  name  of  Arago  that  of  Brewster, 
who  at  the  same  time  made  nearly  the  same 
discoveries,  and  to  whom  we  principally  owe 
that  of  coloured  rings  in  crystals  with  one  or 
two  axes.  Itcfore  entering  into  details  of 
these  remarkable  phenomena,  we  may  state 
that  glass,  in  the  ordinary  state,  is  not  sus- 
ceptible of  showing  the  colours  observed  in 
crystallized  plates,  but  it  ac«iuires  this  pro- 
perty by  tempering,  bending,  and  compres- 
sion, and  by  the  action  of  heat.     Figures 

2C8  and  269  show  some  of  the  appearances  presented  under  these 
different  circumstances  by  plates  of  glass  of  a  certain  thickness, 
and  of  either  a  rectangular  or  square  form.  The  discovery  of 
these  phenomena  is  due  to  Seebeck  (1813),  and  they  are  of  the 
same  nature  as  those  just  described.  The  following  is  a  curious 
experiment  of  Biot  related  by  M.  Daguin  in  his  "Traits  de  I'hy- 
sique ; " — "  Biot  produced  longitudinal  vibrations  in  a  band  of 
glass  abont  two  metres  in  length,  jilaced  between  the  polarizer  and 
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the  analyser  of  hi3  apparatus  (disposed  so  as  to  show  darkness] ;  at 
each  vibration  he  saw  a  bright  line  sliine  out,  the  briglitness  and 
colour  of  which  depended  on  the  mode  of  fiictii>u,  and  on  its 
intensity." 

The  colours  of  polarized  light,  produced  by  the  passage  of  a  beam  of 
this  light  through  a  thin  crystalline  plate,  depend,  as  we  Iiave  already 
seen,  on  the  thickness  of  the  plate ;  it  vaiies.  if  tlie  thickness  itself 
varies.  But  for  a  certain  thickness,  the  tint  is  uniform,  because  all 
the  rays  which  compose  the  beam  are  parallel,  and  thence  traverse 
the  same  space  in  the  interior  of  the  plate.  If  instead  of  a  beam  a 
conical  pencil  of  polarized  light  is  received  on  the  plate,  so  that  the 


axis  of  tlie  cone  is  perpendicular  to  the  surface  of  the  plate,  it  is  clear 
that  the  rays  will  pass  through  the  interior  of  the  crystal  in  paths 
which  will  be  longer  as  their  distance  from  the  axis  increases,  and  the 
tint  of  the  plate,  observed  by  means  of  an  analyser,  will  no  longer  be 
uniform.  We  then  see  systems  of  coloured  rings,  the  forms  and  tints  of 
wliich  vary  according  as  we  are  dealing  with  a  crystal  with  one  or  two 
optical  axes,  and  according  to  the  position  of  the  polariscope  in  refjard 
to  the  plane  of  polarizattoti.  Tlic  following  is  the  manner  in  which 
the  beautiful  phenomena,  wliich  are  partly  reproduced  in  I'late  VIII., 
are  obtained.  A  tourmaline  pincette  or  forceps  h  used  (Fig,  270). 
Tliis  in.-:lrunient  (;itn,sisls  of  Iwn  inclallie  I'liig^*  witli  ;i  ^)iriiif;  in  tlie 
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form  of  tweezers,  which  presses  them  together,  and  in  each  of  which 
a  phite  of  tourmaline  is  encased ;  each  plate  is  capable  of  turning  in 
its  ring,  so  that,  at  will,  all  possible  angular  positions  can  be  produced 
in  regard  to  the  axes  of  the  two  crystals.  Between  the  two  rings  is 
interposed  the  thin  crystallized  plate,  of  Iceland  spar  for  instance. 
fixed  to  a  cork  disc,  which  the  pressure  of  the  rings  holds  between 
the  tourmalines.  If  we  look  through  this  system  of  three  j)lates,  we 
at  once  perceive  the  coloured  rings.  The  plate  of  tourmaline  turned 
towards  the  sky  polarizes  the  light  of  tlie  clouds,  which,  after  having 
traversed  this  first  plate,  converges  towards  the  eye  in  passing  through 
the  plate  of  spar  and  tlie  second  tourmaline.  Let  us  suppose  first 
that  the  two  tourmalines  are  disposed  in  such  a 
manner  that  their  axes  are  perpendicular :  the 
primitive  plane  of  polarization  is  then  parallel  to 
the  j)rincipal  section  of  the  tourmaline  which 
serves  as  a  polariscope.  A  series  of  concentric 
iridescent  rings  is  seen  travei*sed  by  a  black 
cross  (riate  VIII.  Fig.  1).  If  the  polariscope  is 
then  turned  90°,  the  axes  of  the  tourmalines  will 
be  parallel,  and  the  principal  section  of  the 
polariscope  will  be  at  right  angles  to  the  plane 
of  polarization.  The  black  cross  is  then  found 
to  be  replaced  by  a  white  one,  and  the  iridescent 
rings  show,  at  the  same  distance  from  the 
centre,  colours  complementary  to  those  which 
they  assumed  in  the  first  experiment.  (Plate 
VII F.  Fig.  3.)  In  the  intermediate  positions 
of  the  axes  of  the  tourmalines,  the  first  appear- 
ance gradually  passes  into  the  second;  if  the  axes  are  inclined  4rr, 
Fig.  2,  Plate  VIII.  is  obtained. 

These  phenomena  are  presented  in  the  case  of  white  liglit.  If  homo- 
geneous light  is  used,  yellow  light  for  instance,  rings  are  obtained 
alternately  bright  and  black,  having  crosses  similar  to  those  seen  in 
the  preceding  experiment,  the  bright  rings  being  of  a  yellow  colour. 
Kings  of  the  same  kind  would  appear  if  the  different  colours  of  the 
spectrum  were  employed,  and  would  be  largt»r  accoi'ding  to  the 
refrangibility  of  the  colour:  for  this  reason  the  rings  are  iridescent 
when    white    light    is    cm]doye(l,    and    this  also    is    why    the    violet 
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occupies,  in  this  case,  the  outer  edge  of  each  ring  in  the  first  position 
of  the  polariscope. 

In  1813  Brewster  discovered  the  coloured  rings  produced  by  polar- 
ized light  when  it  traverses  thin  plates  of  doubly  refracting  crystals: 
he  saw  them  first  in  the  ruby,  emerald,  topaz,  in  ice,  and  nitre ;  later, 
Dr.  WoUaston  observed  them  in  Iceland  spar.  By  studying  these 
phenomena  in  the  different  crystallized  substances  Brewster  succeeded 
in  dividing  doubly  refracting  crystals  into  two  classes,  viz.  crystals 
with  one  axis  and  crystals  with  two  axes ;  and  this  he  effected  by  the 
following  means : — Whilst,  in  the  ruby,  emerald,  and  Iceland  spar,  for 
example,  he  only  observed  a  simple  system  of  coloured  rings,  in  nitre 
and  topaz  cut  in  a  certain  direction  and  observed  through  the  tour- 
maline pincettes  he  observed  a  double  system  of  rings,  alternately 
black  and  bright,  if  the  polarized  light  which  traverses  them  is 
homogeneous,  and  iridescent,  if  this  light  is  white.  This  phe- 
nomenon led  Brewster  to  the   discovery  of  crystals  with  two  axes. 

To  observe  the  rings  of  which  we  speak,  a  plate  of  nitre  is  cut 
perpendicularly  to  the  mean  line  of  the  two  axes,  and  is  placed 
between  the  rings  of  the  tourmaline  pincettes. 

We  then  see  one  of  the  Figs.  4,  5,  and  6  of  Plate  VIII.  Fig.  6 
represents  the  appearance  when  the  plane  of  the  axis  of  the  plate  of 
nitre  is  parallel  to  the  primitive  plane  of  polarization ;  Fig.  4  when 
these  planes  make  an  angle  of  45° ;  lastly.  Fig.  5  represents  the  rings 
produced  in  the  intermediate  position.  From  45°  to  90°,  the  same 
appearances  are  again  produced,  as  also  in  each  right  angle,  if  the 
plate  of  nitre  is  caused  to  turn  on  itself. 

With  homogeneous  light,  rings  are  obtained  alternately  which  are 
black  and  bright,  the  latter  being  of  the  colour  of  the  light  source. 

If  the  plate  remains  fixed  between  the  two  tourmalines  and  the 
analyser  is  turned  (that  is  to  say,  the  tourmaline  near  the  eye),  the 
rings  without  changing  their  position  gradually  change  in  colour,  and 
when  the  rotation  is  90°  or  270°  these  colours  become  complementary 
to  those  which  the  rings  first  assumed  in  the  same  position  of  the 
plate :  tlie  black  crosses  have  been  replaced  by  white  ones. 

We  must  stay  liere  in  our  description  of  the  phenomena  produced 
by  ])olarize(l  li«;lit ;  they  are  most  interesting,  and  the  very  enu- 
meration of  tliem  ^vouUl  require  many  pages.  Tlie  reader  however 
will    be  glad  to  know   that,  for   the  expenditure  of  a  few   sliillings 
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and  of  some  time,  he  may  produce  most  of  these  beautiful  pheno 
mena  for  himself.  Tlie  object  which  we  have  proposed  to  ourselves 
is  rather  to  excite  the  curiosity  of  the  reader  and  to  induce  him  to 
undertake  a  more  complete  study  of  natural  philosophy,  tlinn  to 
give  a  precise  notion  of  the  causes  of  these  phenomena;  that  is  to 
8ay,  to  show  what  explanation  they  receive  according  to  the  undu- 
latory  theory.  We  cannot  help  however  giving  a  r4sum4  in  a  few 
lines  of  the  important  progress  \vhich  that  tlieory  has  made,  under  the 
influence  of  the  discoveries  which  succeeded  each  other  so  rapidly 
at  the  beginning  of  our  century. 

In  a  preceding  chapter  we  have  noticed  that  luminous  pheno- 
mena are  due  to  the  vibratory  movement  of  the  elastic  medium  called 
the  ether.  Phenomena  of  interference,  inexplicable  by  the  theory  of 
emission,  find  the  most  simple  and  satisfactory  explanation  on  the 
undulatory  theory ;  but  they  tell  us  nothing  as  regards  the  dirtc- 
tion  in  which  the  vibrations  of  ether  take  ])lace.  We  can  sup- 
pose with  equal  possibility  that  the  oscillations  of  a  molecule  are 
affected  cither  in  the  direction  of  the  propagation  of  light,  or  in  a 
direction  parallel  to  the  surface  of  the  waves,  or  perpendicular  to  the 
luminous  ray,  or  lastly,  in  any  direction  oblique  to  this  ray. 

But  adopting  the  first  hypothesis, — that  which  assimilates,  so  to 
speak,  the  luminous  waves  to  sonorous  waves, — it  would  be  inij)0SRible 
to  describe  the  transformation  that  a  luminous  ray  undergoes,  when  it 
has  traversed  a  doubly  refracting  medium,  or  when  it  is  reflected  at  a 
certain  angle  from  the  surface  of  a  polished  body.  Wliy,  if  the  vibra- 
tions are  longitudinal,  should  the  polarized  ray  possess  particular 
properties  in  certain  ])lanes  ?  Why  should  these  properties  belong 
exclusively  to  certain  sides  of  the  ray  ?  These  objections  gave  a  great 
blow  to  the  undulatory  theory  wlien  Fresnel  conceived  tlie  idea  of 
substituting  for  the  hypothesis  of  longitudinal  vibrations,  that  of  trans- 
versal vibrations  perpendicular  to  the  direction  of  the  luminous  i)ropa- 
gation.  A  ray  of  ordinary  light  therefore  becomes  one  in  which  the 
vibratory  movements  are  effected  successively  in  nil  directions  to  the 
surface  of  the  wave;  hence  its  properties  must  be  the  same  in  all  direc- 
tions, l^ut  if  this  ray  passes  through  a  i)olarizer,  on  emerging  the 
vibrations  of  which  it  is  coinj)Osed,  instead  of  being  efi'ected  in  all 
directions,  Ixjcome  parallel,  and  are  all  efTected  in  j)lanes  ])erpendicular 
to  the  ray.     The  polarizer  has,  so  to  speak,  sifted  the  vibrations  of 
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the  ray  of  common  light :  it  has  stopped  or  destroyed  some,  and  has 
allowed  those  vibrations  only  to  pass  which  are  in  the  j)lane  of  the 
principal  section.  More  accurately,  every  vibration  parallel  to  the 
principal  section  passes  without  alteration  through  the  crystal,  while 
every  perpendicular  vibration  is  destroyed :  and  all  vibrations  oblique 
to  the  two  first  are  decomposed  into  others, — one  parallel  to  the  prin- 
cipal section  of  the  polarizer,  which  passes ;  the  other  perpendicular, 
which  is  stopped.  From  this  cause  arise  the  properties  of  polarized 
light  which  we  have  described. 

The  consequences  of  the  undulatory  theory  thus  modified  are  very 
numerous:  until  now  they  have  all  been  proved  by  experiment;  or 
rather,  the  phenomena  found  by  observation  are  explained,  like  those 
deduced  from  theory,  with  an  exactitude  which  is  the  most  striking 
proof  of  the  truth  of  the  principles  which  constitute  the  undulatory 
theory. 

Let  us  add  now  a  few  lines  on  the  applications  of  polarized  light 
in  the  study  of  the  natural  and  physical  sciences. 

Arago  used  polarization  by  double  refraction  to  construct  a  pho- 
tometric apparatus  based  on  the  relative  intensity  of  two  images: 
an  intensity,  the  law  of  which  was  enunciated  by  Malus.  The  same 
savant  has  indicated  a  means  of  distinguishing  rocks  under  the  sea 
whicli  are  hidden  by  the  brightness  of  the  light  reflected  from  the 
surfaca  Looking  through  a  Nicol's  prism,  the  principal  section  having 
been  carefully  placed  vertically,  the  reflected  rays  are  extinguished  ; 
and  the  refracted  rays  being  alone  transmitted  to  the  eye,  reveal  the 
presence  of  the  submerged  rocks. 

Polarization  enables  us  to  know  whether  the  light  which  comes  to 
us  from  a  substance  has  been  reflected  from  its  surface.  It  is  in  this 
way  that  the  nature  of  the  light  of  the  heavenly  bodies  may  be  deter- 
mined, which,  like  the  moon  and  planets,  simply  send  us  the  sun's 
rays;  and  it  has  been  stated  that  the  light  of  cometary  masses  is  partly 
borrowed  from  the  sun,  as  many  observers  have  distinguished  traces 
of  polarization  in  a  plane  passing  through  the  sun  and  the  nucleus. 
The  polariscope  also  is  a  valuable  ally  in  eclipse  obser\^ations.  Tlie 
liglit  of  the  rainbow  is  polarized  in  a  plane  normal  to  the  bow  and 
i)assinjx  tlirou^'h  tlie  eve  of  tlie  observer.  We  sliall  learn  indeed  tliat 
the  rainbow  is  formed  of  lij^ht  retlected  by  the*  .s])liorical  drops  of  rain. 
Arauo  made  use  of  ])olarization  by  reHection  to  diseover  the  nature  of 
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various  precious  stones :  having  cut  a  small  facet  on  tlie  surface  of  one 
of  them,  he  determined  the  angle  of  polarization,  and  noticed  that 
it  was  exactly  that  of  the  diamond.  Chromatic  polarization  is  of 
great  help  in  the  study  of  crystals:  it  indicates  wliether  a  crystal 
has  one  or  two  axes  of  symmetry,  as  also  the  position  of  these  axes 
in  the  crystal,  &c. 

Lastly,  quartz  and  a  great  many  liquids,  solutions  of  sugar,  solutions 
of  tartaric  acid  and  albumen,  all  have  a  property  characterized  by 
physicists  as  the  rotatory  power :  a  plate  of  quartz  cut  perpendicularly 
to  the  axis  causes  the  plane  of  polarization  of  the  rays  which  traverse 
it  to  deviate  through  a  certain  angle ;  and  this  deviation  is  different  for 
rays  of  different  colours.  If  the  polarized  liglit  whicli  has  traversed 
the  quartz  is  white,  the  colours  which  compose  it  will  be  destroyed 
in  different  proportions :  hence  a  certain  tint  proceeding  from  the 
mixture  of  the  niys  which  are  not  extinguished.  Tliis  is  the  pheno- 
menon of  rotatory  polarization  discovered  by  Arago  in  1811,  and  the 
laws  of  whicli  Kiot  has  studied  experimentally. 

Xow  these  laws  have  furnished  a  valuable  method  in  the  arts 
called  saccharimctry^  by  the  aid  of  which  the  quantity  of  pure  sugar 
contained  in  a  solution  of  sugar  can  be  discovered. 

These  phenomena  therefore,  which  seemed  at  first  only  interesting 
in  theory,  can  be  brought  to  bear  on  important  pmctical  processes. 
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CHAPTER  XVIII. 


THE     EYE    AND    VISION. 


Description  of  the  human  eye — Formation  of  imarreH  on  the  retina — Distinct  vision 
of  the  normal  eye — Conformation  of  the  eyes  in  Myopsis  and  Presbyopsis. 

npHE  numerous  and  varied  phenomena  wbicli  we  have  just 
-■-  described,  all  relate  to  the  propagation  of  light  through  different 
media,  and  to  the  modification  it  undei-goes  either  in  point  of  intensity 
or  colour,  when  the  conditions  of  the  path  followed  by  the  luminous 
rays  are  changed.  We  have  not  occupied  ourselves  yet  with  the 
manner  in  which  our  organs  are  affected  by  all  these  phenomena,  nor 
with  the  path  followed  by  the  light  when  it  ceases  to  belong  to  the 
outer  world  and  becomes  an  internal  phenomenon. 

How  is  this  passage  effected  ?  by  what  transformation  does  a 
vibratory  movement,  such  as  that  of  ether  waves,  succeed  in  pro- 
ducing in  man  and  other  animals  the  sensation  of  sight  ?  How  do 
variations  in  the  velocity  or  in  the  amplitude  of  the  vibration  produce 
corresponding  variations  in  the  intensity  of  light  and  colours  of  bodies  ? 

Tliis  is  a  series  of  questions  which  science  is  far  from  having 
solved,  and  which  moreover  belong  rather  to  the  domain  of  physiology 
than  to  physics. 

That  which  is  known  and  which  observation  has  investigated  in  a 
positive  manner  is  the  path  of  the  luminous  rays  in  the  eye,  from 
the  instant  when  they  penetrate  that  organ  to  tlie  moment  when 
they  reach  the  nerves  ;  the  impression  they  tlien  produce  is  trans- 
mitted to  the  brain  and  determines  the  sensation  of  sight.  During 
this  passage,  the  luminous  rays  obey,  as  we  shall  see,  the  known  laws 
(»r  propagation  of  light  tlirough  media  of  variable  form  and  density  ; 
w(*  (leal  only  witli  j)henomeiia  of  simj^Ie  refraction. 

The  eye  is  nothing  more  than  a  dark  chamber,  the  r)peninc(  of  wliicli 
is  furnislied  in  front  with  a  transparent  window,  ])ehin(l  wliich  tliere  is 
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a  lens ;  and  the  back  of  which  is  covered  with  a  membrane,  which 
serves  as  a  screen  upon  which  the  images  of  exterior  objects  are  pro- 
jected and  reversed.  We  will  now  give  a  detailed  description  of  this 
admirable  instrument. 

The  eye  is  placed  in  a  cavity  of  the  skull  known  as  the  orbit ;  its 
form  is  that  of  a  nearly  spherical  globe  entirely  covered  by  a  hard 
consistent  membrane,  the  resemblance  of  which  to  horn  has  caused 
it  to  be  called  the  cornea  where  it  is  transparent  in  front,  and  else- 
where the  sclerotic. 


Fio.  271.  — Horizontal  Re<tioii  of  the  eyeball.  5c/.  the  srlorotic  roat;  Cn.  the  rornea ;  R.  the 
attachments  of  the  tcndonR  of  the  recti  niuBcles  ;  Vh.  the  choroid  ;  T.p.the  ciliary  |»rooes*e»  ; 
Cm.  the  ciliary  um»cle  ;  Ir.  the  irin ;  Aq,  the  aqueoug  hnnumr;  Cry.  the  crystulline  lens; 
Vi.  the  vitreouu  humour:  Rt.  the  retina;  0;).  the  optic  nerve;  M.l.  the  yellow  spot.  The 
section  has  passed  through  a  ciliary  process  on  tiie  left  6ide,  and  between  two  ciliar>'  processes 
OD  the  right. 


The  cornea,  in  front  of  the  eye,  has  a  much  more  marked  curvature 
than  the  sclerotic ;  it  is  like  a  very  convex  watch-glass. 

Through  the  transparent  cornea  is  seen  a  circular  membrane,  the 
colour  of  which  varies  according  to  persons  and  races ;  sometimes  grey, 
light  or  dark  blue,  or  sometimes  a  yellow  brown.  This  membrane  is 
the  iri%  a  kind  of  diaphragm  pierced  in  the  centre  by  an  aperture 
which  is  circular  in  man ;  this  opening  is  called  the  pupil.  Behind  the 
pupil  which  is  the  opening  of  the  dark  chamber  there  is  a  solid  lens ; 
this  is  the  crystalline  lc7u%  the  outer  face  of  which  presents  a  less 
decided  curve  than  the  inner.   The  crystalline  lens  divides  the  cavity  of 
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the  eye  into  two  parts  or  chambers  of  unequal  dimensions,  as  shown 
by  Fig.  271.  The  anterior  chamber,  placed  between  the  transparent 
cornea  and  the  crystalline  lens,  is  full  of  liquid,  difiTering  very  little  from 
pure  water,  and  which  has  nearly  the  same  refractive  power;  this  liquid 
is  called  the  aqueoiis  humour.  Between  the  crystalline  lens  and  the 
back  of  the  eye  is  the  posterior  chamber,  which  is  filled  with  a 
transparent  colourless  substance  having  the  consistence  of  a  jelly, 
and  rather  more  refractive  than  water :  it  is  the  vitreous  humour. 

A  ray  of  light  which  penetrates  into  the  eye  traverses  the  following 
series  of  refractive  media,  before  arriving  at  the  back  of  the  organ :  the 
transparent  cornea,  aqueous  humour,  the  crystalline  lens,  and  vitreous 
humour.  In  each  of  these  media,  the  light  undergoes  a  particular 
refraction,  and  the  whole  deviation  is  such  that  it  comes  to  a  focus 
on  the  membrane  wliich  covers  the  posterior  chamber  of  the  eye.  All 
the  inner  surface  of  the  sclerotic  is  covered  with  a  thin  membrane, 
the  choroid. 

The  choroid  coat  is  lined  internally  with  a  layer  of  polygonal 
bodies  containing  pigments ;  these  are  called  pigment  cells.  Inside 
these  lies  the  retina,  sections  of  which  are  given  in  the  next  figure. 

Those  parts  of  the  eye  that  we  have  just  described  tend  to  the 
formation  and  reception  of  the  images  of  objects ;  their  functions  are 
therefore  passive.  It  is  on  the  retina  where  these  images  are  produced 
that  the  impression  of  light  on  the  sensible  part  of  the  eye  takes 
place.  Behind  the  globe  of  the  eye,  the  choroid  and  the  sclerotic  are 
pierced  with  a  circular  hole,  which  gives  passage  to  the  filaments  of 
the  optic  nerves.  This  fasciculus  or  sheaf,  on  arriving  at  the  interior 
of  the  eye,  is  spread  out  and  extended  over  the  whole  surface  of 
the  sclerotic,  forming  a  membrane  immediately  in  contact  with  the 
vitreous  humour. 

Hence,  then,  we  have  a  lens  to  throw  an  image;  the  eye  is  a 
"  water  camera,"  and  the  retina  is  the  equivalent  of  the  photogi-apher's 
ground  glass  or  i)repiired  plate,  where  the  vibrations  of  the  ether  are, 
in  Professor  Huxley's  language,  converted  into  a  stimulus  to  the 
fibres  of  the  optic  nerve,  which  fibres  when  excited  have  the  power 
of  awakening  the  sensation  of  light  in  us  by  means  of  the  brain.  But 
it  must  wot  be  forgotten  that  the  fibres  of  the  optic  nerve  are  as  blind 
as  any  part  of  the  body;  "but  just  as  the  delicate  filaments  of  the 
nmymllir,  or  the  oloconia  of  the  vestibular  sac,  or  the  Cortian  fibres  of 
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the  cochlea,  are  coutrivance3  for  converting  the  delicate  vibrations  of 
the  perilymph  and  endolymph  into  impulses  which  can  excite  the 
auditory  nerves,  so  the  structures  in  the  retina  appear  to  be  adapted 
to  convert  the  infinitely  more  delicate  pulses  of  the  luminiferous 
ether  into  stimuli  of  the  fibres  of  the  optic  neiTe." 


I,  llic 


I  <.— DtaimunmKtic  vEpwb  cit  tb«  nrrrnnii  (A)  and  thr  ponniM^lvr  (n)  rIemcDtii  of  lli 
a,  iiU|nHiM>il  t>i  U'  n>p«iilnl  fliiBi  unc  miothrr.     A.  thr  urvalH  ulnirluna— I^  tlir  nidii 

cimni ;  U  <•.  the  giuiiilM  .if  Ihr  ..nWr  iBjvr.  wllb  vldch  IhCM  «ie  t'i>Rnn'lnl  i  cJ  if.  InUi 

II  vriT  itrlii-alr  iHirVLHU  Ulim.  ttvmt  whii'h  IIiif  urrTaun  aiuiFBta.  buriliK  tljr  lliDi 
ilm  fS'.  Itix-cnl  tiiwnnlH  thr  Iniiit  iinrnin- ;  f^,  UiB  cunlinunli-in  of  11h'»  nne  ncrvn 

Imtubic  ninrolutnl  niul  inlrnniii'ii  Tltli  tliPirniTwini  of  thflwiMliunic  n>nnjirli-M,  Ht 
nxiiiiiuli>ui>r  IhilllnvHiif  llHiuptk'wrve  B.  Ilw  cininiM'trve  tlniiui-— u>r.  tlU'nial  ii 
<ir  liiiiitiiw  lurmlimip  1  cV,  iiiu'lti ;  ifil.  the  intiiHnnulir  iDrvT;  iis,  Uie  uiuWuIi 
r,  tbv  luUriiir  liiBltliiK  iiMmbnuu.    (lUiinmHl  abuut  SM  dliaiglcn.) 


It  is  ea.sy  to  account  for  the  path  of  the  rays  of  light  which 
emanate  from  an  object  A  B,  and  the  manner  in  which  this  object 
forms  its  image  on  the  retina.  Tliis  lenticular  system,  composed  of 
the  transparent  cornea  and  the  cry-stalline  lens  separated  Tiy  the 
aqueous  humour,  lias  its  optic  centre  at  the  ]>oint  o  situated  a  little 
Iwliind  the  crystalline  lens  (Fig.  272). 

If  the  secondary  axes,  a  o  and  B  o,  arc  taken,  it  is  in  their  prolonga- 
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cinn  Aiul  ac  the  [lAinc  wheie  cher  nwec  tlu  renna,  chac  die  beam  ema- 
iiAtin!{  from  the  poinu  a  aiul  a  coavei^sa :  che  intermediale  poinca  will 
feniL  their  inuif^  hfuvnuia  the  posiciona  a  uul  b.  The  iwg—  9 1  of 
Che  nhjfiKt  will  ch^a  be  reveeaefL  Thia  restulc  ia  one  at  cfae  conae- 
'^Tieiuw)!  rif  tihe  laws  r,{  refetccina  ami  of  the  path  of  raj^  throiizh 
lenaea ;  hnt  ic  has  been  proved  by  direcc  obaervacioo.  Thus,  bj  "^""'j 
the  eye  of  an  aoinial  joac  deail  and. 
fnmnfr  it  froDO.  the  acrata  of  &C 
with  which  the  ball  ia  enTeIop«d, 
the  sclerotic  ia  pared  off  ac  ita 
poscerior  part,  ia  anch  a  ""»""*'•  aa 
to  render  ic  cranalncent :  the  eye 
chiu  pn^paied,  and  expotieii  to  iJay- 
li^t,  ahowa  on  the  aclerodti  a  reiy 
amall  and  clear  Image  of  exterior 
objecta.  The  reversed  im^e  of  a 
eandlA  can  aim  he  seen  thmn^h  the  sclerotic  of  albioo  animal^  ;  the 
ahwmce  r^  colouring  pigment  in  thU  aclerotic  renders  it  naturally 
translnf^'^t. 

The  inn  unUt  ah  a  diaphragm,  which  only  allows  cones  of  light, 
having  the  aperture  of  the  pupil  for  their  boAe,  to  penetrate  into 
the  eye. 

Bnt  the  iru  can  be  spontanefinaly  contracted  or  dilated,  in  anch  a 
manner  M  to  catue  the  popil  to  become  narrower  or  larger.  This 
antomatic  movement  ta  produced  in  the  first  direction  when  the 
tiri^htneM  of  the  lii,'ht  received  by  the  eye  increases ;  and  in  the  second 
direction  if  thia  brii^htnesa  diminishes.  The  same  thing  occurs  when 
the  eye  Uxiku  at  objects  sitnated  at  different  distances ;  the  pupil 
eiilar;{f!<  for  diiitant  objects  and  c^intracts  for  objects  nearer  the  eye. 

I>xik  at  the  eye  in  a  looking-glass  when  you  hold  it  at  a  certain 
rlistanc^v  and  examine  the  dimensions  of  yonr  pupils ;  then  rapidly 
draw  the  mirror  nearer  witltoat  moving  the  pupil :  you  will  see  the 
iris  slowly  get  narrower. 

Tlie  t:yt:  lx:ing  thus  assimilated  to  a  system  of  lenses,  it  may 
apfU'ar  hiugiilar  ihat  it  can  U;  usmI  to  see  clearly  so  many  objects 
■(iMJHlfd  at,  !iiK;li  vari'-'i  (H.itanct.-.s.  It  '■annot  be  doubted  that  in 
ord-T  liii.(.  Ilur  vi-i-.n  ]^:  ilislinft,  the  objcfl  mu.st  make  hi  clear 
imagr;  -n  iIj'^  n-tiu;,  itsr^lf. 
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It  13  necessary  tlicii,  wlien  the  tlistftiice  changes,  that  the  focus 
should  clmnge  also,  so  as  always  to  coincide  witli  the  surface  of  tlie 
nervous  membrane.  This  fact  is  explained  by  saying  that  the  eye  ac- 
c'lminodates  itself  to  distances.  Hut  by  what  mechanism  does  the  eye 
ill  this  way  keep  its  property  of  clearly  distinguishing  objects !  For 
short  distauces,  the  narrowins  of  the  pupil;  and  for  long  ones,  a  change 
in  the  form  of  the  crystalline  lens  which  diminishes  its  converging 
power :  such  are  the  two  movements  submitted  to  our  will,  but  made 
without  our  knowledse,  by  the  aid  of  which  physicists  explain  the 
adaptation  of  which  it  is  capable.  There  la  an  inferior  limit  to  the 
distance  of  objects  tliat  we  try  to  see  clearly :  this  is  the  limit  ot 
distinct  vision,  which  varies  with  individuals  and  with  age,  between 
1/i  to  20  centimetres.  In  a  nor- 
mally constituted  eye,  there  is  no 
superior  limit. 

The  conformation  of  the  eye  may 
V)e  sucli,  that  the  limit  of  distinct 
vision  may  be  much  greater  than 
that  of  which  we  have  just  spoken. 
This  affection,  which  is  met  with 
especially  in  old  jteople,  obliges 
them  to  hold  a  book  at  n  great 
distance  to  read  it  clearly.  That  is  because  the  image  is  formed 
beyond  the  retirm,  so  that  the  convergence  of  the  rays  emanating 
from  a  luminous  ]>oint  does  not 
fall  on  this  membrane,  whence  a 
confused  impression  results.  By 
taking  the  object  to  a  di-stance,  the 
focus  is  brought  forward,  and  vision 
becomes  more  distinct.  Pei'sons 
with  this  defect  of  sight  are  loii;/- 
sighted :  tliis  is  attributed  either  to 
the  diminution  of  the  crystalline 
lens  or  to  a  rigidity  which  does  not 
permit  of  adaptation  to  small  disbinces,  or  lastly  to  a  flattening  of  the 
globe  of  the  eye ;  ncur-mghlcd  people  have  the  opposite  defect.  Tlie 
distance  of  distinct  vision  is  much  shtirter  for  them  than  for  normal 
sight,  and  at  great  distances  the  sight  is  always  confuse<l    This  arises 
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from  an  oii|N)aie  caote  to  that  wydi  ptodooes  kM^^  iheibeiisor 
the  image  of  a  lomiiioas  point  kfonnedM/ri^  Tlie 

Mtieme  eonresdlj  of  the  dyatalline  lens  and  Ae  laige  diameter  of 
the  s^obe  of  tbe  qre  aie  tbe  moat  oidinaij  canaes  of  short-ngiitednemu 
TUa  defect  la  aoqniied  bjr  habit :  litenoj  and  office  moi,  and  people 
whoee  oecnpationa  oUige  them  to  lodk  doedy  at  amall  thipgiB,  are 
fieqofloily  subject  to  this  iniiniiitjr. 

llanj  phjaieistB  hsTO  inqniied  whj  the  images  of  olgects,  being 
Wfeaed  on  the  letina^  aie  seen  in  their  real  positiona ;  that  is  to  say, 
vpff^^  To  explain  this  apparent  singularity,  hypotheses  more  <» 
leas  ingenioas  have  been  suggested.  Bat  the  image  projected  on  the 
retina  is  not  an  object  that  we  mig^  examine,  as  if  we  possessed 
another  ejre  behind  the  retina.  In  tmth,  outer  objects  and  oniselTes, 
oar  own  bodies,  are  aeen  bj  ns  in  their  exact  rehtiTe  poeitioDS :  this 
is  an  that  is  neeessaiy,  and  when  we  say  that  we  see  an  object,  a  tree 
fixr  example,  opri^t  and  not  inTerted,  that  simply  means  that  its  top 
and  ita  base  appear  to  as,  the  first  to  be  raised  in  the  air,  the  other 
touching  the  gnmnd,  absolutely  in  the  same  direction  as  oar  own  head 
and  fiaet  in  oar  normal  positioa.  If,  by  a  particolar  disposition  of  one 
eye,  aimilar  to  that  of  certain  lenses,  the  images  were  made  upright  on 
the  retina,  it  does  not  appear  doubtful  to  us  that  our  perception  would 
not  be  changed:  in  order  to  make  it  otherwise,  it  would  be  necessary 
that  there  was  an  exception  for  the  image  of  our  body,  which  is 
beyond  supposition. 

The  impression  made  by  light  on  the  retina  lasts  a  certain  time, 
which  accounts  for  our  seeing  under  the  form  of  a  luminous  line 
a  bright  point  which  moves  rapidly:  thus  the  end  of  a  stick,  being 
lighted,  by  rapid  turning  takes  the  form  of  a  circle  of  fire.  Some 
experiments  made  by  M.  Plateau  prove  that  the  mean  length  of 
sensation  is  eight-tenths  of  a  second ;  that  the  light  must  persist  a 
certain  time^  in  order  that  the  impression  produced  arrive  at  its 
lymTimnmj  and  that  the  length  of  this  maximum  is  in  the  inverse 
ratio  of  the  brightness ;  lastly,  that  the  length  of  the  total  sensation 
increases  with  the  intensity  of  the  light. 
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CHAPTER  I. 

DILATATION. — THERMOMKTERS. 

Sensations  of  heat  and  cold  ;  causes  of  error  in  the  perception  of  the  temperature 
of  bodies — General  phenomena  of  dilatation  and  contraction  in  solids,  liquids, 
and  gases — Temperature  of  bodies — Thermometers  based  on  dilatation  and 
contraction— The  mercurial  thermometer — Alcohol  thermometer — Air  ther- 
mometers ;  metallic  thermometers. 

A  LL  known  substances,  whether  solid,  liquid,  or  gaseous,  appear  to 
■^^  the  touch  more  or  less  warm  or  cold.  This  impression,  as  daily 
experience  shows,  depends  as  much  on  the  particular  disposition  of 
our  organs  as  on  the  condition  of  the  bodies  themselves ;  moreover 
it  may  chance  that  they  do  not  produce  in  us  any  sensation  of  heat ; 
in  a  word,  they  may  appear  neither  hot  nor  cold. 

The  same  body,  when  we  touch  it  at  different  times,  may  also 
produce  in  us  different  and  even  opposite  sensations,  either  because  it 
is  really  in  the  interval  warmed  or  cooled,,  or  because  our  organs 
have  undergone  analogous  modifications ;  or,  lastly,  the  two  causes  to 
which  we  have  here  referred  may  have  simultaneously  contributed  to 
the  differences  of  impression.  Anyone  can  easily  find  examples  of 
the  influence  of  these  two  causes,  and  we  can  understand  how  difficult 
it  would  be  to  appreciate  variations  in  the  temperature  of  bodies,  if  the 
basis  of  this  appreciation  were  only  the  personal  sensations  produced 
by  contact,  or  at  a  distance.  Let  us  suppose,  for  example,  tliat  we  hold 
our  right  hand  for  some  time  in  a  vessel  of  cold  water,  and  our  left  in 
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one  of  yery  wann  water,  and  that  we  afterwards  plonge  them  both  at 
the  same  time  into  a  third  vessel  filled  with  lukewarm  water ;  we 
shall  undergo  simaltaneonsljr  two  opposite  sensations,  one  of  heat,  the 
other  of  cold,  both  proceeding,  nevertheless,  from  the  same  body  in  the 
same  condition. 

Another  example  of  the  difficulty  which  we  have  pointed  oat  exists 
in  the  fact  that  the  outer  air  appears  to  us  cold  if  we  leave  a  wann 
room ;  and,  on  the  contrary,  the  same  air  seems  warm  when  we  come 
out  of  a  cool  cave.  On  entering  a  well- warmed  room  in  frosty  weather 
we  declare  that  the  temperature  is  unbearable ;  nevertheless,  in  warm 
weather,  if  the  air  suddenly  cools,  we  shall  shiver  in  the  same  tempe- 
rature which  would  appear  excessively  high  in  winter.  This  is  because 
our  organs,  which  are  gradually  habituated  to  the  cold  or  heat,  mith 
difficulty  undergo  the  quick  transitions  which  determine  in  them  more 
intense  sensations.  It  is  not  therefore  possible  to  make  use  of  such 
variable  impressions  in  the  determination,  however  inexact,  of  the 
thermic  condition  of  bodies. 

Hence  the  necessity  of  finding  among  the  effects  which  result  from 
the  variations  of  temperature  in  solids,  liquids,  and  gases,  a  phenomenon 
sufficiently  general  and  constant  to  be  used  as  a  point  of  comparison 
in  studies  of  this  nature ;  that  is  to  say,  a  phenomenon,  the  variations 
of  which  can  be  verified  and  measured,  without  the  necessity  of  the  in- 
tervention of  the  personal  impressions  of  the  observer.  Now,  physicists 
have  ascertained  the  fact — general  with  one  or  two  exceptions,  some 
apparent,  others  real — that  all  bodies,  whatever  their  physical  state,  on 
being  heated,  increase  in  volume  or  dilate,  and  on  being  cooled  contract 
or  cliininiHli  in  voluiiie.  We  will  first  describe  some  experiments 
which  demonstrate  this  phenomenon,  in  solids,  liquids,  and  gases. 

If  we  take  a  rnetal  sphere  and  ring  of  the  same  substance,  of  such 
dimensions  that  when  they  are  at  the  same  temperature  the  sphere 
can  just  pass  through  the  ring,  and  if  the  ball  alone  be  now  heated  and 
placed  on  the  ring,  it  will  no  longer  pass  through,  which  proves  that  it 
has  been  expanded  by  heat ;  but  if  it  is  allowed  to  cool  and  return  to 
its  ori<;iiial  condition,  it  again  passes  through.  If,  on  the  other  hand, 
tlie  rin;^  is  wanned,  tli(i  inetal  8i)liere  passes  freely  tliroui^h  the  oi>en- 
iii*,',  wliciKM*  it  may  Ix;  concluded  that  the  rin^'  lias  been  enlarged 
by  the  Ileal.  lUit,  if  the  rin*,'  and  tlie  sj)liere  are  heated  at  tlie 
sjinn*   lini«",  iiml  uinally,  \nt{\\    inrrcasti  in   volume  l<»  a   like  extent. 
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and  they  preserve  the  same  relationship  as  regards  size  as  at  the  com- 
mencement. This  little  apparatus  is  known  as  S'Gravesaude's  ring, 
from  the  Butch  physicist  who  invented  it.   Sometimes  it  takes  another 


A 


form  (Fig.  270);  for  the  sphere  a  metallic  cone  is  substituted,  on  whicli 
the  ring  slides  to  different  heights  according  as  the  ring  or  the  cone  is 
alone  heated.  If  the  increase  of  temperature  is  the  same  for  the  cone 
and  the  ring,  that  is  to  sity,  if  botli  are  mufonuly  heated,  although 
separately,  the  ring  descends  on  tlie  cone  to  an  in- 
variable position.  This  last  fact  furnishes  us  with  an 
important  indication  as  to  the  manner  iii  w)iich  vases 
which  arc  cylindrical,  conical,  or  of  otlier  fonns,  are 
dilated.  Their  change  of  volume  takes  place  as  if  the 
vase  were  tilled  with  the  substance  which  forms  the 
envelope :  its  interior  capacity  varies,  as  the  volume  of  fio.  s7«.— ei- 
the  solid  nucleus  of  which  we  speak  itself  varies,  under  '^'^ 

the  same  thermic  conditions. 

Bodies  expand  by  heat  eiiually  in  every  direction,  so  that  a  metallic 
rod  having  the  form  of  a  parallelepiped  increases  in  each  of  its  three 
dimensions,  width,  length,  and  thickness.  Hence  there  are  three  kinds 
of  expansion — cubical,  superlicial,  and  linear  expansion.  The  last 
is  proved  by  means  of  the  apparatus  represented  in  Fig.  277.  A 
metallic  tod  is  fixed  at  one  of  its  extremities,  and  when  heated  along 
the  whole  of  its  length  it  dilates  freely  at  the  other  extremity,  which 
presses  against  the  little  arm  of  a  bent  lever  so  that  the  index  forming 
the  large  arm  of  the  lever  describes,  on  a  graduated  scale,  an  arc 
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wbkh  »  larger  u  Uw  rdatioii  of  the  lengths  of  the  two  Isutcbes 
increases.  The  smallest  amount  of  ezponsioo  of  the  rod  is  thus 
rendered  perceptible. 


Variation  of  temperature  produces  much  more  decided  variations 
of  volume  in  liquids  than  in  the  greater  number  of  solids.  The 
following  is  one  of  the  means  which  is  used  to  demonstrate  the 
expansion  of  liquids. 

We  take  a  glass  bulb,  to  which  is  attached  an  open  tube  of  small 
diameter;  we  fill  it  with  the  liquid  to  be  experimented  upon,  and  mark 
npoD  it  a  line  a  to  indicate  the  position  of  the  liquid  in  the  tube 
(Fig.  278).  Then,  plunging  the  bulb  into  water  warmer  than  the  liquid, 
the  movement  of  the  latter  can  be  easily  followed  in  the  tube.  At  first 
the  level  is  seea  to  descend  from  a  to  d ;  which  arises  from  the  expan- 
sion of  the  glass  envelope,  which  responds  to  the  first  action  of  the 
heat.  Hence  its  capacity  is  increased,  before  the  liquid  within  can 
compensate  for  this  augmentation  by  its  own  expansion.  But  after 
a  short  time  the  apparent  contraction  ceases,  and  the  liquid  gradually 
rises  to,  say,  the  point  a' ,  where  it  remains  if  equilibrium  has  been 
established.  If  the  apparatus  is  now  cooled,  the  liquid  will  be  seen 
to  descend  gradually,  until  at  last  it  assumes  its  original  height. 

Different  liquids  do  not  expand  equally  under  the  same  conditions, 
but,  with  aixiut  one  exception,  to  which  we  shall  soon  advert,  they  all 
iucrea.'ie  or  diminish  in  vuliimt,  accordiiij;  as  they  are  heated  or  cooled, 

Again,  ga.His  art;  still  more  expansible  llian  liquids  i  if  we  place  near 
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the  fire  a  closed  bladder  half  SUed  with  air,  we  obaerve  that  it  gradually 
swells  out ;  the  air  which  it  contains  therefore  increases  in  volume  by 
the  action  of  heat.  The  expansion  of  air,  or  any  other  gas,  under  the 
influence  of  an  increase  of  temperature,  may  be  proved  by  other  means 
If  we  take  a  glass  bulb  provided  with  a  long  capillary  tube  open  at  its 
extremity  (Fig.  279)  and  filled  with  the  gas  the  expansion  of  which  we 


desire  to  prove,  and  which  is  separated  from  the  outer  air  by  an  index 
of  mercury;  immediately  that  the  bulb  is  slightly  warmed,  by  the 
contact  of  the  hands  for  example,  the  interior  gas  also  becomes  warm, 
expands  and  drives  the  index  from  the  reservoir.  When  the  gas  has 
cooled,  its  volume  diminishes,  and  the  index  again  assumes  its  original 
position.  By  using  a  doubly  bent  tube  (Fig.  280)  containing  some  liquid 
at  the  lower  curvo,  the  expansion  is  seen  by  the  rising  from  a  to  ft  of 
RE   2 


the  liquid  in  the  arm  moat  distant  ijom  the 
1  in  tlie  other. 
Let  us  confine  ourselves  for  the  present  to  the  pbenomenon  which, 
with  but  two  or  three  exceptions,  some  apparent  and  othere  real,  is 
general ;  solids,  liquids,  and  gases  are  expanded  when  their  temperature 
rises  and  are  contracted  when  it  falls.  A  given  and  invariable  quantity 
of  matter  of  a  certain  substance  corresponds  in  a  particular  thermic 
condition  to  a  determined 
volume  of  the  substance ; 
hence  it  follows  that  varia- 
tions of  temperature  can 
be  measured  by  variations 
of  volume  or  expansion. 
Suppose  that  we  take  a 
solid,  liquid,  or  gaseous 
hody,  and  so  arrange  that 
the  quantity  of  matter  of 
wliich  it  is  composed  re- 
mains invariable,  or,  if  we 
like,  that  its  weight  remains 
always  the  same ;  and  that 
we  endeavour,  when  it  is 
heated  or  cooled,  to  mea- 
auio  either  its  volume  or  the 
variations  of  its  volume. 
Now,  these  vaiiations  will 
serve  as  measures  of  the 
heating  and  cooling  of  the 
body,  so  that  whenever  it 
possesses  the  same  volume,  we  shall  be  certain  that  it  is  in  the  same 
thermic  condition ;  in  a  word,  that  it  is  at  the  same  temperature. 

The  Umperature  of  &  body  is,  therefore,  a  particular  state  corre- 
sponding to  a  determined  volume  of  this  body.  It  is  said  that  the 
temperature  rises  when  the  body  gets  warmer,  and  consequently,  with 
the  exception  of  which  we  shall  presently  speak,  when  it  is  expanded ; 
its  temperature,  on  the  contrary,  falls  if  the  body  is  cooled,  and  there- 
fore diminishes  in  volume. 

All  instruments  which  indicate  and  measure  the  variations  of  their 
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own  temperature,  and,  with  more  or  less  precision,  those  of  the  media 
in  which  they  are  plunged,  are  called  theiinometeTa.  Contrivances  of 
this  kind  are  numerous,  and  we  shall  learn  as  we  proceed  that  tlie 
construction  of  some  of  them  is  based  on  other  principles  than  those 
of  the  expansion  and  coDtraction  of  bodies ;  but  the  indications 
which  they  give  all  relate  to  those  of  a  thermometer  which  it  is 
convenient  to  take  as  a  standard  or  type  for  all  others.  We  speak  of 
the  mercurial  thermometer,  which  we  shall  describe  first. 

The  mercurial  thermometer  consists  of  a  glass  tube  of  very  small 

diameter,  which  is  closed  at  one  end  and  terminated 

at  the  other  by  a  spherical  or  cylindrical  reservoir 

(Fig.  281).     The  reservoir,  and  a  portion  of  the  tube 

enclosing  some  perfectly   pure   mercury,  together 

with  the  rest  of  the  tube,  are  entirely  void  of  air 

and  every  other  gas.     As  the  interior  capacity  of 

the  tube  is  only  a  very  small  fraction  of  the  capacity 

of  the  reservoir,  the  least  variation  of  volume  in  the 

latter  is  made  apparent  by  a  considerable  change  in 

the  height  of  the  mercury  in  the  tube.     In  order  to 

measure  these  variations,  it  is  convenient  to  mark 

on  the  tube  of  the  thermometer  two  points  which 

correspond  to  two  different  temperatures,  both  fixed 

and  invariable,  and  to  divide  into  a  certain  number 

of   equal  parts  the  total  increase  of  volume  that 

the  mercury  is  subjected  to  on  passing   from  the 

lowest  of  these  temperatures  to  the  highest.     As 

experiment  has  shown  that  ice  always  melts  at  the 

same  temperature,  and  that  the  temperature  of  the 

steam  of  boiling  water  is  likewise  constant  when 

the  barometric  pressure  is  at  760  mm.  or  30  inches,  these  two  fixed 

temperatures  are  the  most  convenient  to  use  as  fixed  points  for  the 

graduation   of  the   mercurial   thermometer.      The   following  is   the 

method  by  which  this  graduation  is  effected: — 

The  reservoir  and  part  of  the  tube  are  plunged  into  a  vessel  filled 
with  pounded  ice,  and  pierced  with  holes  at  the  bottom,  so  that  the 
water  which  might  acquire  a  higher  temperature  than  that  of  the 
melting  ice,  can  freely  escape  (Fig.  282).  The  level  of  the  mercury 
having  become  stationary,  a  line  is  marked  on  the  stem :  this  point  is 
the  zero  of  the  graduation. 
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The  tbennometer  is  then  placed  in  the  position  indicated  in 
Fig.  283,  that  is  to  say,  in  a  bath  where  it  is  completely  snTTonnded 
by  the  steam  of  boiling  water.  The  bath  consists  of  a  double 
case  of  iron  plates,  wherein  the  steam  circnlates  before  escaping 
into  the  air,  so  that  the  temperature  of  the  internal  space  is  not 
modified  by  the  exterior  cold.  Here  again,  when  the  meicnry  becomes 
stationary,  a  second  line  is  marked  on  the  stem.  At  this  point 
(Fig.  283)  the  namber  100  is  marked, 
if,  as  we  have  said,  the  barometric  pres- 
sure is  at  this  moment  at  760  mm.,* 
which  the  manometer  with  bent  limbs 
(seen  to  the  left  of  the  instrument) 
indicates. 

If  the  interior  of  the  tube  is  per- 
fectly cylindrical,  which  must  be 
ascertained  before  blowing  the  bulb 
of  the  thermometer,  it  is  evident  that, 
if  we  divide  the  interval  which  sepa- 
rate»  the  zero  of  the  melting  ice  from 
the  point  100,  corresponding  to  the 
temperature  of  boiling  water,  into  100 
equal  parts,  each  of  these  will  indicate 
equal  capacities,  and,  when  the  level  of  the  meroury  traverses  them 
successively,  equal  dilatations  of  the  liquid.  These  divisions,  which  are 
called  degrea,  form  the  scale  of  temperatures,  which  can  be  extended 
below  0°  and  above  100°,  for  the  measure  of  temperatures  lower  than 
that  of  melting  ice,  or  higher  than  that  of  boiling  water.  The  divisions 
are  sometimes  engraved  on  the  tube,  sometimes  on  a  lateral  tube 
fastened  to  the  thermometer  tube,  and  sometimes  again  are  marked 
ou  the  frame  to  M-hich  the  instrument  is  fixed  (Fig.  284). 

The  Centigrade  scale  is  not  the  only  one  which  has  been  adopted 
for  the  graduation  of  thermometers;   but  it  is  the  most  generally 

■  If  tbe  bftrometric  preMnTe  is  not  760  milliinetre*  at  the  tim«  of  the  experi- 
ments, the  level  of  the  mereuiy  will  no  longer  indicate  the  fixed  point  where  100' 
oDght  to  be  marked.  It  hiu  been  determined  thut  the  diflerence  ia  u  degree  eenti- 
grade  (that  in,  the  hundredth  pnrt  of  the  dilalAtion  between  the  puinl  of  fuaion  of 
the  ice  and  that  of  boiling  WHt«r)  for  a  pressure  whidi  ditfera  i7  uiillhiietres,  luore 
or  lees,  from  TBO,  so  tliuL  101°  muat  be  marked  if  the  pressure  is  7M7  millimetres, 
tad  W  if,  00  the  other  hand,  it  ib  only  733  uiillimetre».  Between  these  limits  a 
proportioDal  vorreetion  ia  made  fur  the  excess  or  diminulioD  of  preisure. 
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adopted,  and  the  onlf  one  which  is  used  at  the  present  day  in  France 
and  in  a  great  many  other  countries.  Its  invention  is  attributed  to  a 
Swedish  aavarU,  Andr^  Celsius,  who  lived  in  the  eighteenth  century. 


The  scale  of  Rt^aumur  divides  the  intervals  between  the  two  same 
fixed  points,  melting  ice  and  boiling  water,  into  eighty  degrees.  A  very 
easy  calculation  converts  centigrade  degrees  into  ll^aumur's  degrees;  it 
is  sufficient  to  add  to  the  first  numlH-r  ita  quarter:  thus  28°  K  equals 
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28°  +  7°  or  35°  C.  If  you  take  a  fifth  from  a  centigrade  temperature, 
you  have  the  same  temperature  expressed  in  Eeaumur  degrees  :  thus, 
35°  C.  =  35°  -  7°  or  28°  E. ;  32°  C.  =  25°-6  R  In  Fahrenheit's  scale, 
which  is  used  in  Germany,  England,  and  the  United  States,  one  of  the 
Jhxd  points  is  that  of  boiling  water,  as  in  the  preceding  scales ;  but 
the  other  corresponds  to  a  lower  temperature  than  that  of  melting 
ice,  viz.  that  of  a  mixture  of  ice  and  salt.  The  zero  is  therefore 
very  low.  Fahrenheit  htis  marked  the  boilinj,'  point  at  212",  As  it 
has  been  found  that  the  temperature  of  melting  ice  corresponds  to  the 
32nd  degree  of  this  scale,  it  follows  that  the  hundred 
degrees  of  tlie  centigrade  scale  are  equivalent  to 
180  degrees  Fahrenheit ;  hence  the  conversion  of  any 
number  of  degrees  &om  one  of  these  scales  to  the 
other  becomes  easy.  If  we  wish  to  know,  for  ex- 
ample, what  is  the  equivalent  of  120  degrees  Fahren- 
heit in  centigrade  degrees,  we  begin  by  deducting  32, 
which  gives  88,  of  which  the  5  is  taken,  the  resultant 
being  4G°  G6  C.  On  the  other  hand,  having  the  tempe- 
rature 45°  C.  to  convert  into  divisions  of  Fahrenheit's 
scale,  the  S  are  taken,  which  gives  81°  F.  above  melt- 
ing ice ;  this  is  marked  32°,  as  we  have  before  seen  : 
81°  +  32^  or  113°  F.  tlius  becomes  the  result  of  the 
conversion. 

Delisle's  scale  is  also  used,  piincipally  in  fiussia : 
the  boiling  point  is  marked  0°,  and  the  melting  point 
of  ice  150°.     Nothing  is  more  simple  than  to  con- 
Pio.  !M.-ctntigmie  vcrt  a  temperature  marked  on  this  scale  into  any  of 
owii      gndiMBi  the  three  othera 

Care  must  be  taken,  when  a  temperature  is  stated, 
according  to  one  or  other  of  the  graduations,  to  indicate  whether  it  is 
higher  or  lower  than  that  marked  by  zero.  Physicists  do  this  by 
considering  temperatures  higher  than  0°  as  positive  and  placing  the 
sign  -f-  before  them,  and  temperatures  lower  tlian  0°  as  negative, 
distinguislied  by  the  sign  —  .  These  conventionalities  once  adopted, 
similar  rules  to  those  of  the  positive  and  negative  algebraic  quantities 
applv  f'lr  operations  effucted  on  numbers  exjircssiHg  temperatures 
where  tliey  arc  conibiiieil  by  moans  of  adilitioii  and  subtraction. 
]!m   it    is  iie.TS.'^ary  lu  yivo  to  uach  uf  tlicsc  numbers  i'.s  true  mean- 
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ing.  and  to  abstain  from  attributing  to 
it  an  absolute  value  which  it  does  not 
possess.  Thus  we  can  only  say,  that 
a  temperature  is  double  or  triple  of 
another,  or  at  least,  if  we  use  these  ex- 
pressions, notliing  must  be  inferred  as 
to  the  quantities  of  heat  which  corre- 
spond to  them.  Tliis  simply  signifies 
that  the  expansion  of  the  mercury 
above  the  fixed  starting  point,  or  zero, 
is  in  this  case  double  or  triple  of  the 
total  expansion  corresponding  to  the 
second  elevation  of  tempemture.  In  a 
word,  wo  must  not  forget  that  the  unit 
of  tt-mperature — for  instance,  the  centi- 
grade degree  in  the  centesimal  scale — 
represents  an  expansion  of  the  mercury 
contained  in  the  reservoir  of  a  thermo- 
meter, equal  to  the  hundredth  part  of 
the  total  dilatation  which  the  same 
liquid  would  undergo,  on  passing  from 
the  temperature  of  melting  ice  to  that 
of  boiling  water. 

Tlie  tlicrmometer  which  wo  have 
just  described  is  based  on  the  expan- 
sion of  mercury,  that  is  to  say,  of  a 
liquid  contained  in  a  glass  envelope, 
liut  when,  by  a  variation  of  tempera- 
ture, the  volume  of  the  liquid  changes, 
the  capacity  of  the  envelope  changes 
also.  If  these  C-itiMiusions  or  contrac- 
tion.s  of  the  nieri:ury  and  the  glu.sa 
were  equal,  as  they  arc;  made  in  the 
same  direction,  tlie  level  woulil  not 
vary,  and  tliereforo  it  would  give  no 
iudii'atiou.  In  reality,  mercury  expands 
seven  or  eight  times  more  than  glass, 
and   this   fact    renders  the   mercurial 
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jifiarisoii  with  a  mercurial  tbennomeLer.  The  points  are  Tnarked  at 
which  the  liquid  becomea  atatioimry  at  two  difl'ereiit  t^mperatureft, 
and  the  interval  is  divided  into  as  many  equal  parts  as  it  compriaea 
dejrreeB.  But  tliey  are  both  also  afTected  l>y  changes  of  atmospheric 
pressure,  and  are  thorefore  not  ca^mble  of  miicb  precision ;  their  eliief 
value  consists  in  the  rapidity  of  their  indications. 

Leslie  and  Kuinford  invented  two  thermometers  based  on  tli« 
expansion  of  »ir,  but  not  possessing  the  same  inconveniences  as 
the  preceding;   in  other  words,  they  are  uninfluenced  by  pre?sur& 

y  both  consist  of  a  tube,  bent  twice  at  a  right  angle,  and  ter- 
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minated  at  each  extremity  by  a  bulb  or  reservoir.  In  Leslie's  ther- 
mometer (FiiT.  287)  the  tube  encloses  a  column  of  sulphuric  acid 
coloured  red;  the  level  is  the  same  in  each  limb,  when  the  tem- 
perature of  the  two  bulbs  is  equal ;  this  common  level  is  marked 
0.  If  DOW  one  only  of  the  reservoirs  is  warmed,  the  air  which  it 
contains,  in  expanding,  presses  against  the  liquid;  the  level  of  the 
corresponding  limb  falls  to  6,  whilst  it  rises  in  the  other  to  a;  and 
the  height  above  zero  marks  the  differences  of  temperature  of  the 
reservoirs,  if  this  instrument  has  been  graduated  by  comparison  with 
a  mercurial  thermometer. 

Euniford's  air  thermometer  differs  from  the  preceding,  inasmuch 
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as  the  liquid  column  is  replaced  by  an  index  which  occupies  the 
centre  of  the  horizontal  portion  of  the  tube,  when  there  is  equality  of 
temperature  between  the  two  reservoirs.  If  one  of  these  is  wanned 
more  than  the  other,  the  e:[pansion  of  the  air  causes  the  index  in  the 
horizontal  part  of  the  tube  to  move  towards  the  colder  bulb,  and  the 
difference  of  the  temperature  is  measured  by  the  number  of  divisions 
which  this  index  passes  over  from  zero. 

These  two  instruments  thus  mark  differences  of  temperature,  and 
they  are  therefore  known  as  differtntUil  thtrmometers.  But  they  can 
also  indicate  absolute  temperatures,  if  the  graduation  has  been  effected 
with  this  object  in  view. 

The  expansion  of  solid  bodies  may  also  be  employed  to  measure 
temperatures.  The  instruments  which  we  have  described  above  are 
based   on    the    unequal    expansion    of  lit^uids,   gases,   and    of   the 


vessels  which  contain  them;  this  inequality,  perceptible  in  liquids, 
becomes  considerable  in  gases.  Tlie  construction  of  the  metallic 
thermometers  represented  in  Figs.  289  and  200  depends  on  the 
inequality  of  expansion  of  different  solid  bodies.  Two  metallic 
plates — for  example,  one  of  copper  and  the  other  of  zinc  sol- 
dered together  lengthways,  so  as  to  form  a  straight  bar,  expand 
unequally  when  the  temperature  is  raiseil ;  the  bar  then  bends,  as  in 
Fig.  288 ;  the  zinc,  which  is  the  more  expansible  of  tlic  two  metals, 
forms  the  convex  side,  and  the  copper  the  concave.  ^\'hen  the  bar 
has  returned  to  its  primitive  temperature,  it  assumes  its  rectilinear 
forin,  to  bend  again  in  the  contrary  direction  if  it  is  afterwards 
subjected  to  cooling. 
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The  metallic  dial  thermometer  (Fig.  289)  is  composed  of  a  curved 
plate  of  copper  and  steel  soldered  together ;  one  of  the  extremities  of 
this  ia  fixed,  while  the  other  is  supported  by  the  small  arm  of  a 
lever,  the  large  arm  of  which,  in  the  form  of  a  toothed  sector,  works 
in  the  pinion  of  an  index.  Variations  of  temperature  increase  or 
diminish  the  curvature  of  the  plate,  and  thus  cause  the  lever  and 
thence  the  index  to  move,  sometimes  in  one  direction  and  some- 
times in  the  other.  The  dial  is  divided  into  degrees,  by  observing  the 
indications  of  a  mercurial  thermometer.  In  Br^guet's  metallic  ther- 
mometer (B'ig.  290)  the  plate  is  formed  of  three  ribbons  of  silver,  gold, 
and  platinum,  soldered  together  and  formed  into  a  spiral :  the  silver, 
being  the  most  expansible  of  the  three  metals,  forms  the  inner  surface 
of  the  spiral.    This  is  suspended  vertically,  and  its  lower  extremity 
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supports  a  horizontal  index,  which  moves  over  the  divisions  of  the 
diaL  When  the  temperature  rises,  the  curvature  of  the  spiral 
diminishes  under  the  influence  of  the  greater  expansion  of  the  silver, 
and  the  needle  moves  in  one  direction :  it  moves  in  the  contrary 
direction  if  the  temperature  falls.  As  the  bulk  of  the  spiral  is 
extremely  slight,  it  very  rapidly  acquires  equiUbrlum  of  temperature 
with  the  surrounding  air.  Breguet's  thermometer  is  therefore  very 
sensible,  and  useful  for  noting  rapid  variations  of  temperature. 

We  can  only  allude  to  pyrometrrs,  which  instruments  ar«  used  for 
measuring  very  high  temperatures,  sucli  as  those  of  blast-furnaces, forge- 
fires,  &c. ;  some  are  based  on  the  expansion  of  solidc,  others  on  the 
contraction  of  clay.     The  trials  which  have  been  mudp  in  order  to 
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compare  the  indications  of  pyrometers  with  those  of  mercurial 
thermometers  have  not  given  very  accurate  results.  When  great 
precision  is  desired,  air  pyrometers  are  used  for  measuring  high 
temperatures,  a  description  of  which  will  be  found  in  more  detail 
in  treatises  on  Physics. 

The  various  thermometers  which  we  have  recently  described 
determine  the  variations  of  their  own  temperature,  by  the  different 
expansions  and  contractions  of  their  own  substance.  But  the  object 
which  is  proposed  in  constructing  them  is  to  measure  the  temperature 
of  various  media,  whether  solid,  liquid,  or  gaseous — which  in  each 
instance  requires  particular  precautions. 

If  it  is  a  question  of  the  temperature  of  the  air  or  a  gas,  or 
again  of  a  liquid,  the  thermometer  is  immersed  in  it;  and  if  the 
instrument  be  of  great  sensibility,  if  its  mass  be  very  small  in  com- 
parison with  that  of  the  medium,  the  temperature  indicated  by  the 
thermometer,  when  the  level  of  the  mercury  or  the  index  is  at  rest, 
may  be  taken  without  sensible  error  for  that  of  the  medium  itself. 
If  it  is  a  question  of  a  solid  body,  a  cavity  large  enough  to  receive  the 
reservoir  of  the  instrument  is  made,  or,  still  better,  this  cavity  is  filled 
with  mercury ;  after  a  short  time,  the  temperature  of  this  liquid  is  in 
equilibrium  with  that  of  the  body,  and  the  thermometer  is  then 
immersed.  It  is  always  necessar}^  that  the  mass  of  this  be  very 
small  compared  with  that  of  the  body ;  indeed,  as  there  is  exchange 
of  heat  between  them,  the  indication  no  longer  relates  to  the  original 
temperature  of  the  body,  but  to  that  which  is  established  at  the 
end  of  this  change,  and  on  the  hypothesis  that  the  mass  of  the 
instrument  is  very  large,  the  difference  would  be  considerable. 
Hence  it  is  evident,  that  this  cause  of  error  can  never  be  entirely 
avoided ;  the  effects  can  only  be  lessened,  in  order  that  the  result  may 
not  be  perceptibly  altered. 
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CHAPTER  II. 

MEASURE   OF  EXPANSION. 

Effects  of  variations  of  temperature  in  solids,  liquids,  and  gases — Applications  to 
the  arts — Rupert^s  drops — Measure  of  the  linear  expansion  of  solids — Expansion 
of  crystals — Contraction  of  iodide  of  silver — ^Absolute  and  apparent  expansion 
of  liquids — All  gases  expand  to  the  same  extent  between  certain  limits  of 
temperature. 

A  BODY  expands  when  its  temperature  increases:  this  is  the 
^^  universal  fact  which  we  have  stated,  and  which  is  employed 
to  measure  changes  of  temperature.  But  to  what  extent  does  the 
volume  increase,  and  by  what  fraction  of  tlie  primitive  volume 
is  it  increased  for  one  degree  of  the  centigrade  thermometer? 
Does  this  fraction  vary  in  different  substances,  and  does  it  remain 
the  same  at  every  temperature?  Such  are  the  questions  which 
naturally  present  themselves  to  physicists  when  they  have  deter- 
mined by  observation  the  effects  of  variation  of  temperature.  Before 
indicating  the  results  at  which  they  have  arrived,  let  us  show  by 
a  few  examples  the  practical  utility  of  the  precise  knowledge  of 
these  effects,  and  the  necessity  which  often  arises  of  correcting 
or  foreseeing  them. 

If  a  fragile  body  \vhich  is  a  bad  conductor  of  heat  is  subjected 
to  quick  changes  of  terapemture,  tlie  effect  produced  will  be  the 
breaking  of  the  body.  Thus,  if  a  red-hot  bar  is  placed  on  a  j)iece  of 
cold  glass  tlie  glass  cracks ;  the  same  thing  hai)pen8  with  a  piece  of 
very  hot  glass  if  it  is  suddenly  placed  in  contact  with  a  piece  of 
cold  iron.  In  the  iirst  instance,  sudden  ex])aiision  is  ])ru(luced  in  tlic 
portions  of  tlic  ;^'lass  touclicd  by  tlic  liot  iron,  and  tlie  .smrouiidin;^ 
portions,  ^vl^icll  liiive  not  had  time  to  become  warmed,  l)reak  violently 
from  tli(t  iirst — hence  th<,'  ru])ture.     In  the  second  instance,  on  the 


CHAP.  II.]  MEASURE  OF  EXPANSION.  433 


other  hand,  the  portions  fii'st  touched  are  contracted  before  tlie 
other  parts  have  had  time  to  cool,  and  rupture  is  again  the  conse- 
quence of  this  sudden  molecular  movement.  We  all  know  that 
boiling  water  cannot  be  poured  into  a  cold  glass  vessel  without 
breaking  it  by  the  quick  expansion  of  the  sides  in  contact  with  the? 
liquid. 

During  hot  summers  the  expansion  of  metals  used  in  buildings 
and  their  contraction  by  cold  in  winter,  produce  effects  which  are 
the  more  apparent  when  these  metals  are  united  to  materials  whose 
expansibility  differs  from  their  own.  The  following  is  a  curious 
example,  quoted  by  Tyndall  in  his  work  on  Heat,  the  observation 
and  explanation  of  which  is  due  to  Canon  Moseley : — "The  choir 
of  Bristol  Cathedral  was  covered  with  sheet  lead,  the  length  of  the 
covering  being  sixty  feet,  and  its  depth  nineteen  feet  four  inches. 
It  had  been  laid  on  in  the  year  1851,  and  two  years  afterwards 
it  had  moved  bodily  down  for  a  distance  of  eighteen  inches.  The 
descent  had  been  continually  going  on  from  the  time  the  lead  had 
been  laid  down,  and  an  attempt  to  stop  it  by  driving  nails  into 
the  rafters  had  failed;  for  the  force  with  which  the  lead  descended 
was  sufficient  to  draw  out  the  nails.  The  roof  was  not  a  steep 
one,  and  the  lead  would  have  rested  on  it  for  ever,  without  slulhuf 
down  by  gravity.  What  then  was  the  cause  of  the  descent  ?  Simply 
this.  The  lead  was  exposed  to  the  varying  temperatures  of  day  and 
night.  During  the  day  the  heat  imparted  to  it  caused  it  to  expand. 
Had  it  lain  upon  a  horizontal  surface,  it  would  have  expanded 
all  round;  but  as  it  lay  upon  an  inclined  surface,  it  expanded 
more  freely  downwards  than  upwards.  When,  on  the  contrary, 
the  lead  contracted  at  night,  its  upper  edge  was  drawn  more  easily 
downwards  than  its  lower  edge  upwards.  Its  motion  was  therefore 
exactly  that  of  a  common  earthworm :  it  pushed  its  lower  edge 
forward  during  the  day,  and  drew  its  upper  edge  after  it  during 
the  night,  and  thus  by  degrees  it  crawled  through  a  space  of  eighteen 
inches  in  two  years." 

From  this  example  we  leani  how  important  it  is  to  note  the 
changes  of  volume  in  solids  which  are  used  in  building  or  the  arts. 
Kailway  lines  lengthen  in  summer  and  shorten  in  winter;  it  is 
necessary,  therefore,  on  laying  them,  to  give  them  a  certain  play 
which  allows  the  lengthening  to  take   place   freely,  other\vi.<e   the 
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'v.r.'.'jfl-'.ri  'A  *f.L<  ftA'.r^f;,  ill  r,h«  ■thiL*  of  r.ru*  fails  ha<i  tnjC  &  aafficicot 

tl.*-,  f;i[/ift*i'm  '>r  i/tXirn^XMitk  f,t  sh»;  nitrfALt,  tioch  b^ria  greater  than 
till'  ',f  f.h*^  ♦fin*:,  Tl>:  f'jfr*  wiih  which  th«  molecaies  of  brxiie* 
■At'.  vrTnf-t.utif«  v.^txtfA  awl  VfmAtird-^  ■ira^'ii  Ef/i«h*:r,  one  again^ 
fh';  'Aiit-r,  \>j  i-.Unti'jK  'A  tArnp^rWarf:.  i.*  Hotit^ntmt.  A  bar  of  irio  a 
HCrtr*:  '3't3  iri';hft<i,  lon;^  irxpari'l.^  l«ngihwayi  llTm.,  wben  ita  1«d- 
\^.tM(itn  i.i  rai^i»»l  frfrin  'r'  Cf  I'r'V  ;  it  ijinln/iiA  u>  the  sam^  anuiaat  iu 
[^■<im:f  fr-fHi  !'»<»  f.  0',  \'rtr,  u  h^  Ijftfen  <alcnialed  ttkat  in  otder 
In  overcci'Dae  thlt  moieciilar 
[nr^veinvfit,  a  Trrc^  er{iial  to 
■  he  |>rf^<mre  (rf  2,4.><>  kOo- 
gn<iniii«a  amxi  be  eniptayed, 
if  th«  section  of  a  Vnr  of  iroD 
U  a  .V|uare  centimetre,  ODtl 
:;4.".,(j<«j  kilo^EDmes  if  the 
section  is  a  »|uare  deci- 
metre. This  force  has  been 
fcnij>loye«l  for  the  holding 
t^igether  'if  the  lateral  walls 
of  a  gallery  in  the  C'on- 
nervatoire  des  Arts  et  M^- 
Wf.n,  which  the  i)res8ure  of 
tlie  r<X)f  had  driven  out  of 
\\ii:  vt;rli':(il.  Two  )ritiH  of  iron  were  jilaced  ho  as  to  cross  the  two  walls 
)i<  lli'^  iij>|iiT  jiart ;  tlioy  v/i-.i-t;  teriiiin!it«:il  on  the  outside  by  screws 
t<iitiiHl«''l  uitli  unin.  'J'hi:  uliohi  of  th>-ir  Ieni,'tli  was  quickly  heated, 
uhji:h  {)r'><hii:i:il  a  l>rri;,'th(;iiiri^',  iiiiii  the  nuts  wert'  then  screwed  up  close 
FiHiii'i^t  thif^k  j>i(:i:ci  nf  wood  |iltici^i  on  the  outside  of  the  roof  walls 
wliilxt  Ihi!  Imrrt  vif.Ti:  »lill  hot.  On  cooling,  the  bars  contracted,  and 
by  di';:ri-rH  lln;  furri!  of  contrjidion  drew  tin;  walls  nearer  together. 
I!v  ii'|>i':iliii;;  Wii-  Hjinn:  ii|.i:r.Lti'iii  S(;vt-nil  lii]ii:s  iht-y  were  at  last 
l.r'Mi^^1,l    1..  :i   v.'iii<"il    |><Miti»ri. 

r,Mhui-lit.  iilili/.'   IIk'  •■■■nU:yr[wi  loivi'  '>!   .oolin^'  it'otj  tn  I.iml 
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together  the  spokes  of  carriage  wheels.  The  iron  tii-c  is  forged  in 
such  a  way  as  to  surround  the  wood,  when  it  is  heated  to  rather 
a  high  temperature;  on  cooling  it  binds  the  parts  of  the  wheel 
strongly  togetlier. 

Dutch  tears,  or  Rupert's  drops,  are  drops  of  melted  glass  which 
have  been  suddenly  solidified  in  cold  water.  On  breaking  the  fila- 
ment of  glass  with  which  they  are  terminated,  the  whole  mass 
instantly  becomes  powder,  with  such  a  force  that  if  the  drop  has 
been  previously  plunged  into  a  flask  filled  with  water  the  shock 
transmitted  to  the  water  is  sufficient  to  break  the  flask.  A  similar 
effect  is  produced  in  very  thick  glass  flasks  which  have  been  cooled 
suddenly  after  having  been  blown.  A  grain  of  sand  thrown  into 
the  vessel  is  sufficient  to  cause  the  bottom  to  fall 
out  (Tyndall).  The  cause  of  this  is  the  same  in  this 
last  example  as  in  the  Dutch  tears.  The  exterior 
of  the  glass  drops  cools  first,  imprisoning  the  in- 
terior mass,  which  has  not  yet  solidified ;  when 
this  cools  in  its  turn,  it  contracts,  and  the  effect 
of  the  contmction  being  exercised  equally  on  the 
outer  envelope,  it  remains  in  equilibrium.  But 
the  molecules  are  in  a  state  of  violent  tension, 
and  the  least  rupture  suddenly  destroys  the 
equilibrium  in  one  point,  and  at  the  same  time  destroys  it  in  the 
whole  mass. 

The  expansion  of  liquids  is  generally  greater  than  that  of  solids, 
and  the  expansion  of  gases  is  the  greatest  of  all.  We  have  seen 
how  this  is  proved ;  it  now  remains  for  us  to  show  by  what  means 
the  expansions  ai^  measured,  by  what  methods  the  so-called  co- 
efficient of  expansion  of  a  solid,  liquid,  or  gas  is  determined.  The 
unit  of  volume  of  the  body  being  given,  let  us  imagine  that  the 
temperature  is  niised  one  degree  centigrade:  expansion  or  increase 
of  volume  will  of  course  result.  Tliis  increase,  expressed  in  numbera 
referred  to  this  same  unit,  constitutes  the  co-efficient  of  expansion 
of  the  substance  for  the  temperature  employed.  In  a  more  general 
sense,  we  may  say  that  it  is  the  fraction  of  the  primitive  volume 
added  to  the  volume  of  any  body  when  its  tx^mperature  is  raised 
one  degree.  Thus  a  litre  or  cubic  decimetre  of  mercury  heated  from 
0°  to  1°  becomes  a  litre  pins  179  millionths,  or  10001 79  decimetre. 
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Hie  fraetifyik  h^ffff^lTJ  »  the  cio-e(fki«iit  of  erpansioa  of  mefcmT  at 
ZfitfK  TVr  numb^^r^  of  which  ire  h^r^  f^pestk  vary  with  the  nature 
anrl  iiij%\f:sd  /yinditioTi  of  th^  ^n^j^tanc^a.  Moreover,  the  c*>-effi4:ient 
of  exjMU»ion  of  one  Vyyir  jrenerally  saries  for  different  degrees  of 
the  therror^raetnc  scale,  even  when  iu  phy«*Al  eonditii^n  A^jk^ 
not  chan^fe. 

In  liqairh  anri  ga^e^  t^ie  eiibic  exfoOLwrn,  or  expan.^ion  of  volome, 
u  condidere^l;  bnt  in  solirU  it  i^  po^Me  to  determine  the  increase 
r/f  one  of  ttie  dimensionii,  that  u  to  sar,  the  linear  expansion,  or, 
in  the  ca^e  of  two  dirnenirion.^,  snperficial  expansion.  As  a  solid 
of  any  fr>nn  ^^enerallj  expan#Ls  eqnallr  in  every  direction,  so  as  to 
retain  ita  ori^final  frirui  at  all  temperatures,  the  increase  of  its  volume 
f:an  lie  de^Jnce^l  from  that  of  one  of  its  dimensions;  besides,  it  is 
pnA'erl  that  the  coHifficient  of  cnbic  expansion  is  perceptibly  to 
all  intents  and  parp^/ses  triple  of  the  co-efficient  of  linear  expansion ; 
for  this  reason,  in  the  ca.s^;  of  s^did  bo^lie^t,  this  last  co-ef&cient  is 
alone  determin^^l. 
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Vit,   ^,t.',.  — M<;Mijr«;  of  itus  linear  expannion  of  a  A^ilul,  by  th«-  method  of  l^roUier  aikI  Laplac*. 

I>et  lis  now  consider  the  nature  of  the  method  devised  by 
Livoi.Hier  and  I^jilace  for  measuring  the  linear  expansion  of  a 
wdid  l^r.  The  l/ar  A  u  is  fixwl  at  A,  so  that  it  can  expand  only  at 
the  extremity  fj  ;  on  ex[;anding  through  the  space  B  b'  it  forces  the 
hkI  on,  wliicli  is  fixed  and  can  revolve  on  the  point  o,  into  the 
[KjHition  ob'.  Tlie  telescope  ll,  originally  horizontal,  moves  with 
th<j  rod  to  i/  h,  hi)  that,  in  place  of  l>eing  opposite  the  point  c  of 
th<!  vertical  kcjiIc;  c  c',  it  is  then  opposite  (:\  By  this  means  they 
then  HiiUstitute  for  the  diilicult  measure  of  the  smaller  space  bb 
that  of   a  sjiacf*  r*  ( ',  the  ratio  of  which   to  the  8}»a(:e  B  h',  through 
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which  the  rod  has  expanded,  is  equal  to  the  ratio  of  oc  to  on. 
Fig.  294  shows  the  arrangement  of  the  apparatus  employed  in 
the  preceding  method.  The  metallic  bar  s,  whose  expansion  is  to  be 
measured,  is  immersed  in  a  trough  filled  with  water,  beneath  which 
is  placed  a  fire  to  raise  the  temperature;  at  one  end  it  is  in  contact 
with  a  fixed  glass  rod  B',  immoveably  fixed  to  the  pillars ;  at  the 
other  end  it  presses  against  the  moveable  glass  rod  B,  which  coiii- 
mnnicates  its  motion  to  the  telescope.  Tlie  water  in  the  trough 
being  first  at  0°,  the  observers  note  the  division  of  the  scale  with 
which  the  micrometric  wire  stretched  liorizontally  across  the  field 
of  the  telescope  correspomls.  Then,  after  having  replaceil  the  iceil 
water  by  water  raised  to  a  temperature  of  100^ — that  is,  to  the  boiling 


point — the  division  of  the  scale  is  again  obseivod,  Hy  a  simple  pro- 
portion the  relation  of  the  elongation  of  the  bar  to  its  original 
length  is  determined ;  in  other  wonls,  the  expansion  for  100°  of 
temperature. 

Operating  thus  on  solid  bars  of  different  substances  and  between 
different  limits  of  temperature,  Laplace  and  Lavoisier  determined, 
for  the  co-eflicienta  of  expansion  of  solids,  numbers  which  vnry 
for  different  substances,  but  wliich  are  sensibly  constant  for  the 
same  substance  for  the  different  degrees  of  the  thermometric  scale, 
between  the  temperatures  0°  and  100°.     Tlie  following  are  some  of  the 
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results  determined  by  various  observers  either  by  the  method  just 
described  or  by  other  processes. 

Iron 0-000012 

Copper 0000017 

Tin 0000022 

Lead 0-000029 

Zinc 0*000032 

Silver 0-000019 

Gold 0000015 

Platinum 0*000009 

Steel 0-000011 

Aluminium 0*000022 

Bronze 0*000019 

Wood  Charcoiil 0*000011 

Granite 0*000009 

White  marble 0*000008 

Building  stone 0*000009 

Glass 0*000008 

Ice 00CKK)53 

The  preceding  co-efl&cients  of  expansion  apply  only  to  the  speci- 
mens which  were  used  to  determine  them;  according  to  some 
observers,  the  same  substances  are  found  to  possess  totally  dif- 
ferent co-efficients,  dependent  on  the  particular  molecular  conditions 
in  which  the  substances  used  by  each  of  them  exist.  Thus,  wrought 
iron,  iron  wire,  and  cast  iron  have  not  the  same  co-efficient  of  ex- 
pansion ;  and  a  similar  remark  applies  to  other  metals.  Solid  bodies 
which  have  not  a  homogeneous  structure  in  every  direction  expand 
unequally  in  different  directions.  Thus  the  expansion  of  dried  wood 
is  not  the  same  in  the  direction  of  the  fibres  and  perpendicular 
to  their  direction.  All  doubly-refracting  crystals  have  unequal 
co-efficients  of  expansion  in  different  directions.  According  to 
Mitscherlich  and  Fizeau,  there  are  even  some  which,  when  they  in- 
crease in  length  by  heat  in  one  direction,  contract  in  another.  Such 
is  carbonate  of  lime  or  Iceland  spar :  for  while,  on  raising  the 
temperature  one  degree,  this  crystal  expands  29  millionths  in  the 
direction  of  the  optical  axis,  it  contracts  perpendicularly  to  the 
axis,  and  this  contraction  amounts  to  nearly  G  niilliontlis.  A  similar 
plienomonon  is  observed  in  the  emerald  and  in  orthic  feldspar. 
The  differences  of  crystalline  structure  in  different  directions, 
which  we   have   seen  indicated  in  those  substances  by  the  curious 
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effects  of  double  refraction,  are  here  shown  under  another  furin 
which  is  no  less  interesting. 

Moreover,  as  we  have  just  stated,  these  anomalies  are  not  real 
exceptions  to  the  law  of  expansion  of  solids  by  heat,  because  when 
the  whole  expansion  is  considered  there  is  increase  of  volume. 
This  is  not  the  case  however  with  iodide  of  silver.  From  some 
very  interesting  researches  by  M.  Fizeau  on  this  substance,  it 
appears  that  it  undergoes  a  real  contraction  in  proportion  as  it 
increases  in  temperature  between  rather  extensive  limits,  as  they 
embrace  80  degrees  of  the  thermometric  scale;  and  further,  that 
the  co-efficient  of  contraction — which  physicists  call  tlie  ncfiatire 
co-efficient  of  expansion — becomes  greater  as  the  temperature  in- 
creases. 

For  some  time  it  was  believed  tliat  ice  or  solidified  water  was 
contmcted  by  an  elevation  of  temperature,  thus  forming  an  ex- 
ception to  the  general  phenomena  of  expansion  of  solids :  this  how- 
ever is  not  tlie  case,  and  Brunner  found  that  its  density  increased 
with  the  fall  of  temperature.  The  co-efficient  of  expansion  of  ice, 
as  we  have  seen  in  the  table  at  page  438,  rises  as  high  as  53  ten- 
millionths,  higher,  in  fact,  than  thiat  of  zinc,  the  most  expansible 
of  ail  metals.  Wood,  and  the  greater  number  of  organic  substances, 
diminish  in  volume  when  they  are  warmed,  if  they  are  not  com- 
pletely desiccated ;  but  tliis  is  only  an  apparent  exception.  Heat 
induces  evaporation  of  the  water  which  these  bodies  contain,  and 
in  diminishing  in  volume  they  also  lose  in  weight;  besides,  on 
returning  to  their  original  temperature  by  cooling,  they  do  not  re- 
sume their  primitive  volume.  Clay,  although  completely  dried,  also 
contracts  when  it  is  submitted  to  an  increasing  temperature,  and  it 
is  on  account  of  this  property  that  clay  pyrometei^s  have  been 
constmcted ;  these  instruments  indicate  the  temperature  of  large 
kilns:  but  it  has  been  proved  that  the  contraction  is  owing  to  thii 
commencement  of  vitrification  or  chemical  combination  of  the  ele- 
ments of  the  clay ;  besides  which,  on  cooling,  it  no  longer  assumes 
the  former  volume. 

The  expansion  of  liquids  is  greater  than  that  of  solids.  We 
have  already  seen  that  the  construction  of  ordinary  thermometers 
is  based  on  the  difference  of  the  expansion  of  glass  and  mercury. 
As    tlie    liquids,   the   expansion   of  which   we   desire   to   measure, 
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are  necessarily  enclosed  in  solid  vessels  or  envelopes,  which  them- 
selves change  in  volume  when  the  temperature  is  changed,  it 
follows  that  we  must  distinguish  between  absolute  expansion, 
that  is  to  say,  the  real  increase  of  volume  of  the  liquid,  and 
apparent  expansion,  as  it  is  observed  by  the  aid  of  a  thermometric 
tube  divided  into  parts  of  equal  capacity.  The  absolute  expansion 
of  a  liquid  is  evidently  equal  to  its  apparent  expansion,  plus  the 
expansion  of  the  envelope. 

The  following  is  the  process  employed  for  the  measurement  of 
the  absolute  or  real  expansion  of  liquids.  The  absolute  expansion 
of  mercury  was  first  determined  by  a  process  which  we  cannot  here 
describe;  theu,  on  subtracting  from  the  number  found  the  apparent 
expansion  of  the  same  liquid,  the  expansion  of  the  glass  was 
obtained.  This  being  once  known,  the  expansion  of  any  liquid 
can  be  deduced  from  it  by  a  reverse  operation,  that  is  to  say,  by 
first  measuring  the  apparent  expansion  and  adding  to  it  the 
expansion  of  the  glass  or  envelope. 

Ilesults  have  shown  that  liquids  not  only  expand  more  than 
solids,  but  again  that  these  co-efficients  of  expansion — this  refers  to 
iubic  expansion — are  not  constant.     Let  us  take  some  examples. 

M.  Regnault,  by  perfecting  the  method  invented  by  Dulong 
and  Petit,  has  obtained  the  following  numbers,  which  represent 
the  co-efficient  of  absolute  expansion  of  mercury,  for  an  elevation 
of  one  degree  centigrade: — 

Co-efBcients  of  cubic 
expansion  of  raercur>-. 

Mean  }»et\veeii  0"  and  100' 000018170 

at  100' OtKX)18305 

at  200° 000018909 

Mt  300° 000019413 

at  350° 0-00019666 

We  perceive  that  the  co-efficient  increases  with  the  temperature, 
but  between  0°  and  100°  it  is  sensibly  constant,  and  then  equal 
to  5^;  while  at  0°  it  is  ~.  JSuch  is  the  fraction  by  wliich  any 
volume  of  mercury  expands  at  the  temperature  indicated. 

Water  and  alcohol  expand  more  than  incrcury  between  0°  and 
the  temperatures  100'  and  80\  which  are  their  boiling  points. 
Moreover,  the  first  of  these  liquids  offers  an  anomaly  whicli  deserves 
attention.     Detween  the  temperature  of  melting  ice  and  4",  water, 
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instead  of  expanding,  diminishes  in  volume;  at  this  temperature 
it  attains  its  maximum  density.  Heated  above  4°  it  continues 
to  expand  till  it  reaches  100°  C.  M.  Despretz,  who  has  made 
a  complete  study  of  the  expansion  of  water  and  its  contraction 
near  0°,  has  given  the  following  volumes  and  densities  of  water 
at  different  temperatures: — 

Temperatures.  Volumes.  Densities. 

0" 1-0001269 0-999873 

V 1-0000730 0-999927 

2° 1*0000331 0-999966 

3* 1 -0000083 0-999999 

4*' 1-0000000 1-000000 

5" 1*0000082 0*999999 

6' 1-0000309 0*999969 

7^ 1-0000708 0-999929 

8^ 10001216 0-999878 

KKr r0431500 0*958634 

The  contraction  of  water  heated  from  0°  to  4°  can  be  proved  very 
simply.  A  cylinder  of  glass,  full  of  water  at  a  temperature  above 
4°  C,  is  surrounded,  midway  between  the 
top  and  bottom,  by  a  tray  containing  ice. 
Tlie  upper  stratum  of  water  gradually  and 
continuously  cools,  and  the  thermometer 
which  is  immersed  in  it  falls  from  4°  to  0°, 
whilst  the  lower  thermometer,  after  having 
fallen  to  4°,  remains  stationary.  This  ex- 
periment proves  tliat  the  upper  stratum  on 
cooling  to  4°,  becoming  heavier  than  the 
lower  ones,  falls  to  tlie  bottom  of  the  f!;lass     ^     ,.„,    ,.,      .      *     ^    ^v 

*  ^  Fio. '205 —Expenment  proving  the 

vessel,  and  is  replaced  by  those,  wliich  are      contraction  of  water  firom  o- to  4°. 
in  turn  cooled  down  by  the  ice.     But  when  the  temperature  is  lower 
than  4"*,  the  water  remains  at  the  upper  part,  as  tlie  indications  of  the 
two  thermometers  prove. 

Gases  expand  much  more  than  solids  and  liquids  under  the  action 
of  heat :  a  thin  glass  sphere,  or  a  balloon  of  gold-beater's  skin  tilled, 
with  air,  or  any  other  gas,  bursts  when  it  is  slightly  heated.  As 
according  to  Mariotte's  law,  the  volume  of  a  gas  is  changed  by 
pressure,  it  is  necessary,  in  order  that  its  co- efficient  of  expansion 
may  possess  a  definite  value,  that  care  be  taken  to  indicate  to  what 
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pressure  it  has  been  submittecL  These  coefficients  are  ordinarily 
taken  at  an  atmospheric  pressure  of  760  mm.  Gay-Lnssac  determined 
a  great  number  for  temperatures  comprised  between  0""  and  lOO"",  and 
arrived  at  the  remarkable  result,  that  the  co-efficient  of  expansion 
is  the  same  for  all  gases,  simple,  mixed,  or  combined.  According 
to  this  illustrious  physicist,  a  volume  of  gas,  on  being  heated 
l"*  C,  increases  the  267th  part  of  its  volume:  a  cubic  decimetre 
of  air,  passing  from  0"*  to  100",  therefore  expands  375  cubic  centi- 
metres, that  is,  more  than  a  third  of  its  volume  at  0^  The  number 
which  we  have  just  mentioned  is  a  little  too  high,  as  the  beautiful 
researches  of  M.  Regnault  have  proved ;  and  he  has  at  the  same  time 
shown  that  Gay-Lussac's  law  is  not  absolute.  Air,  nitrogen,  hydrogen, 
carbonic  oxide  have  nearly  the  same  co-efficient  of  expansion, 
which  is  000366,  which  is  equal  to  the  fraction  —.  But  those  of 
other  gases  are  different :  thus,  in  the  case  of  cyanogen,  it  is  equal  to 
000388,  or  to  the  fraction  ^^  Moreover,  the  less  the  pressure  to 
which  the  different  gases  are  submitted,  the  more  do  their  co- 
efficients of  expansion  approach  equality;  thus  verifying  Gay- 
Lussac's  law. 

We  shall  see  hereafter  that  the  expansion  of  air  and  gases  by  heat 
explains  many  meteorological  phenomena.  It  is  also  the  principle 
of  numerous  applications,  among  which  we  may  quote  air  balloons, 
hot-air  stoves,  and  hot-air  engines. 
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CHAPTER  III. 

EFFECTS   OF   VARIATIONS   OF   TEMPEKATURE  :     CHANGES   IN 

THE   STATE   OF   BODIES. 

The  passage  of  bodies  from  a  solid  to  a  liquid  state  :  fusion — Return  of  liquids  to 
the  solid  state  :  solidification  or  congelation — Equality  of  the  temperatures  of 
fusion  and  solidification — Passage  of  liquids  into  gases  :  difference  between 
evaporation  and  vaporization — Phenomenon  of  ebullition  :  fixed  temperature 
of  the  boiling  point  of  a  liquid  under  a  given  pressure — Return  of  vapours 
and  gases  into  a  liquid  condition  :  liquefaction  and  congelation  of  carbonic 
acid  and  several  other  gases — A  permanent  gas  defined. 

TT7E  all  know  that  a  mass  of  water  which  is  liquid  at  certain 
temperatures  is  capable  of  passing  into  the  solid  state  when 
its  temperature  falls  below  a  certain  limit ;  in  a  word,  it  becomes  a 
piece  of  ice  without  changing  its  nature,  that  is  to  say,  without 
ceasmg  to  be  formed  of  the  same  chemical  elements.  On  returning 
to  its  original  temperature,  it  again  resumes  the  liquid  condition ; 
and  if  it  is  then  heated  to  lOO'',  under  an  atmospheric  pressure  of 
7G0  mm.,  it  is  converted  into  vapour.  The  greater  number  of  liquids 
are  like  water  in  this  respect,  and  can  exist  in  either  the  solid, 
liquid,  or  gaseous  condition. 

Bodies  which  are  solid  at  ordinaiy  temperatures,  metals  for 
example,  change  their  condition  when  they  are  submitted  to  a 
sufficiently  intense  heat;  they  are  then  liquefied,  and  sometimes 
vaporized.  Cooling  produces  opposite  phenomena,  and  causes  a  gas 
to  pass  into  a  liquid,  and  then  into  a  solid. 

These  various  changes  of  condition  are  effected  under  circum- 
stances which  vary  with  the  nature  of  the  substance,  but  which 
nevertheless  conform  to  certain  common  laws,  which  we  shall  now 
discuss.     First,  however,  let  us  enumerate  the  changes  of  condition 
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in  solids,  liquids,  and  gases,  which  can  be  produced  under  the 
influence  of  variations  of  temperature. 

An  increase  of  temperature  produces,  in  solids,  a  change  to  a 
liquid  state,  which  is  called  fusion ;  in  liquids,  it  gives  rise  to  a 
gaseous  state,  or  vaporization :  we  shall  see,  further  on,  the  distinction 
which  must  be  made  between  vaporization  and  evaporation,  which 
also  designates  the  change  of  a  liquid  into  gas,  or  into  vapour. 

Cooling  causes  gases  to  become  liquid  :  this  is  liquefaction  ;  and 
in  liquids,  a  return  to  the  solid  state,  which  is  sometimes  called  solidi- 
fication, and  sometimes  congelation  or  freezing. 

The  fusion  of  difierent  solid  bodies  takes  place  at  various  tempera- 
tures, which  differ  from  each  other  considerably.  Thus,  whilst  ice 
melts  at  O'',  sulphur  at  125'*,  and  lead  at  322*',  a  temperature  of  1,500° 
is  necessary  to  melt  iron,  and  nearly  2,000°  to  melt  platinum.  But 
all  solids  have  this  common  property,  that  the  temperature  of  fusion 
is  definite  for  each  of  them ;  moreover,  during  the  time  that  the 
change  from  the  solid  to  the  liquid  condition  is  taking  place,  the 
temperature  of  the  mass  remains  the  same,  whatever  may  be  the 
intensity  of  the  heat  which  produces  the  fusion.  We  may  remember 
that  it  is  this  property  which  has  been  utilized  in  determining  a 
fixed  point  of  the  thermometer.  The  only  eflect  which  is  produced 
by  an  increase  in  the  source  of  heat,  is  a  greater  rapidity  in  the 
fusion  of  the  solid. 

The  passage  to  a  liquid  state  (tf  the  greater  number  of  solids  is 
made  suddenly ;  thus,  ice,  sulphur,  and  metals  assume  their  fluidity 
in  a  moment.  Other  substances,  on  the  contrary,  begin  by  being 
softened ;  and  they  become  viscous,  before  becoming  quite  fluid. 
Glass  affords  an  example  of  this  condition,  which  gives  great  facility 
to  the  working  of  it,  and  enables  it  to  be  blown  and  to  be  worked 
into  various  forms. 

Formerly  we  were  not  able  to  produce  a  temperature  sufficiently 
high  for  the  fusion  of  certain  bodies :  hence  they  were  called  refrac- 
tory or  fixed.  In  the  present  day  the  number  of  these  substances 
is  considerably  diminished,  and  the  fusion  of  rocks,  which  used  tx) 
be  considered  infusible,  has  been  effected.  M.  Despretz  has  even 
succeeded  in  producing  an  incipient  fusion  in  cliarcoal,  the  most  re- 
fractory of  all  known  bodies.  Other  solids  are  infusible,  because  heat 
deconi])use3  them  :  such  are  chalk,  i)it-coal,  and  marble  :   neverthe- 


CH.  III.]     EFFECTS  OF  VARIATIONS  OF  TEMPERATURE.      445 


less,  by  enclosing  a  piece  of  marble  in  an  iron  cylinder,  hermetically 
closed,  and  then  submitting  it  to  a  high  temperature,  a  certain  portion 
of  this  body  can  be  fused.  The  heat  at  first  decomposes  part  of 
the  marble  into  carbonic  acid  and  lime,  and  the  gas,  by  its  elastic 
force,  prevents  the  continuance  of  decomposition,  and  the  remaining 
marble  is  partially  fused. 

The  expansion  which  a  solid  body  undergoes  when  submitted  to 
increments  of  heat,  generally  continues  until  the  commencement  of 
fusion  ;  at  tliis  juncture  it  takes  place  still  more  rapidly,  so  that  the 
liquefied  mass  has  a  greater  volume  tlian  that  of  the  solid  which 
produced  it.  Tliere  are  some  exceptions  to  this  law,  and  we  shall 
have  occasion  to  return  to  tliis  subject  in  speaking  of  tlie  solidifica- 
tion of  liquids.  A  foreseen  relationship  exists  between  the  latter 
phenomenon  and  that  which  we  have  just  studied:  for  tliey  are 
both  effected  for  the  same  substance,  at  a  fixed  temperature:  in 
a  word,  the  point  of  solidification  is  the  same  as  the  point  of  fusion. 
Thus,  water  becoanes  ice  when  its  temperature  reaches  0° ;  lead  is 
solidified  when  cooled  to  322°,  sulphur  to  115^  iron  to  1,500'', 
platinum  to  2,000^  And  we  have  anotlier  similarity  in  the  fact 
that  the  temperature  of  the  liquid  mass  remains  constant  during 
tlie  whole  time  of  solidification ;  a  more  intense  removal  of  heat 
renders  the  passage  to  the  solid  state  more  rajiid,  but  it  doas  not 
lower  the  temperature  of  the  mass. 

Tlie  term  congelation  or  freezing  is  more  particularly  applied  to 
solidification  which  takes  place  at  a  low  temperature, — for  example, 
below  0°.  Water  congeals  at  0\  mercury  39°  below  0° ;  many 
liquids,  such  as  bisulphide  of  carbon  and  alcohol,  have  not  yet 
been  solidified,  although  by  using  refrigerating  mixtures  their  tem- 
perature has  been  lowered  to  80°  below  ()°. 

We  thus  see  that  the  temi)erature  of  the  fusing  ])()int  of  solids  is 
the  same  as  the  temperature  of  solidification.  Nevertheless  it  is 
possible,  under  certain  circumstances,  to  lower  the  temperature  of  a 
liquid  mass  below  this  point  without  producing  solidification.  Water, 
for  example,  when  enclosed  in  a  vessel  and  sheltered  from  the  agita- 
tion of  the  air,  can  remain  liquid  at  a  temperature  20°  below  0°.  In 
this  experiment  it  must  l^e  very  limpid,  in  onler  that  it  may  be  kept 
at  perfect  rest,  and  that  the  cooling  be  effected  gradually.  lUit  when 
it  is  in  this  condition,  the  slightest  agitation,  or  the  throwing  in  of  a 
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small  piece  of  ice,  is  sufficient  to  cause  congelation  to  take  place 
instantly  throughout  the  whole  mass.  Then  a  remarkable  result 
occurs,  for  there  is  a  disengagement  of  heat,  and  freezing  takes  place 
at  a  temperature  of  0'',  as  under  ordinary  circumstances. 

A  solid,  on  melting,  expands  quickly,  and  the  reverse  phenomenon 
ought  to  take  place  when  a  liquid  mass  is  solidified.  Experiment, 
indeed^  has  shown  that  there  is  a  diminution  of  volume.  But  this 
is  not  a  general  law,  as  there  are  exceptions,  such  as  water,  cast-iron, 
bismuth,  and  antimony.  These  substances  expand  on  solidifying, 
and  this  property  is  utilized  in  the  arts,  in  the  case  of  molten  iron, 
and  allows  the  reproduction  in  a  very  perfect  form  of  the  interior  of 
the  moulds  in  which  this  substance  flows. 

We  have  already  learnt  that  water  expands  on  cooling  from  4° 
to  0**,  so  that  the  sudden  expansion  which  it  undergoes  on  congealing 
appears  to  be  the  continuation  of  the  same  phenomenon,  and  renders 
the  explanation  which  is  given  to  it  probable :  the  phenomenon  is 
explained  by  the  new  disposition  which  the  molecules  take  in  the 
vicinity  of  the  point  where  this  crystallization  is  effected.  When  the 
passage  to  the  solid  state  is  effected,  the  expansion  is  sudden,  and  is 
performed  with  an  irresistible  force,  as  shown  by  the  following  experi- 
ment, the  description  of  which  we  take  from  Tyndall's  "  Treatise  on 
Heat :" — "  But  to  give  you  an  example  of  this  energy,  a  quantity  of 
water  is  confined  in  this  iron  bottle.  The  iron  is  fully  half  an  inch 
thick,  and  the  quantity  of  water  is  small,  although  sufficient  to  fill 
the  bottle.  The  bottle  is  closed  by  a  screw  firmly  fixed  in  its  neck. 
Here  is  a  second  bottle  of  the  same  kind,  prepared  in  a  similar 
manner.  I  place  both  of  them  in  this  copper  vessel,  and  surround 
them  with  a  freezing  mixture.  They  cool  gradually,  the  water  within 
approaches  its  point  of  maximum  density  ;  no  doubt  at  this  moment 
the  water  does  not  quite  fill  the  bottle,  a  small  vacuous  space  exists 
within.  But  soon  the  contraction  ceases,  and  expansion  sets  in ;  the 
vacuous  place  is  slowly  filled,  the  water  gradually  changes  from 
liquid  to  solid ;  in  doing  so  it  requires  more  room,  which  the  rigid 
iron  refuses  to  grant.  But  its  rigidity  is  powerless  in  the  presence 
of  the  atomic  forces.  These  atoms  are  giants  in  disguise,  and  the 
sound  you  now  hear  indicates  that  the  bottle  is  shivered  by  the 
crystallizing  molecules, — the  other  bottle  follows,  and  here  are  the 
fmgments  of  the  vessels,  showing  their  thickness,  and    impressing 
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you  with   tlie    might   of   that  energy   by   which   they   have   been 
thns  riven." 

Two  bombs  filled  with  water,  the  fusee  holes  being  closed  finnly 
liy  an  iron  6toi>per,  were  exposed  to  intense  frost :  in  one  instance 
the  stopper  was  |>rojected  to  a  distance  of  IJO  metres  on  freezing, 
and  a  long  cylinder  of  ice  issued  from  the  opening  (Fig.  29t>) ;  the 
other  bomb  was  split  open,  and  a  sheet  of  ice  was  forced  throng 
the  ctacb.  This  esperiment  is  given  in  M.  Dajnun's  "  Traite  de 
I'hj'sique,"  and  was  made  by  Major  Edward  Williams,  of  the  Artilleiy 
in  Quebec. 


•Similar  results  have  been  obtained  with  bismuth.  An  iron  bottle 
filled  with  melted  ntetai,  and  closed  with  a  screw -stopper,  bursts  when 
the  metal  befiins  to  *jlidify ;  the  rapid  expansion  which  determines 
the  chanjies  of  condition  develops  an  expan.sive  force  so  considerable 
that  the  enveloiic  cannot  resist  it.  and  is  broken. 

The  exjMnsion  of  water  at  the  moment  of  congelation  explains 
the  burstiu;:  of  water-pipes  during  a  frost ;  the  accident  \b.  not  per- 
ceived until  a  tliaw,  becau.se  an  long  as  the  water  remains  as  ice  in 
ihe  piftes  no  es^cape  can  be  manifested,  but  when  the  thaw  commences, 
the  water  flows  through  the  cracks  in  the  pipes. 

The  greater  numlier  of  sfdids  must  be  lifjnefied  before  they  pass 
into  tlie  .state  of  vapour.  Xeverlheless,  camphor,  arsenic,  and  some 
other  substances  diminish  in  weight  when  exposed  to  the  air,  without 
liccomini:  li<|uid.     Snow  and  ice  do  the  same.     Everyone  can  oleerve 
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thiii  fact  daring  drj  weather  and  hard  frost? :  pieces  of  ice  and  heaps 
of  iraow  perceptibly  diminish  in  volume,  or  quite  disappear,  without 
even  partial  fusion  having  taken  place. 

As  regards  liquids,  they  for  the  most  part  pass  spontaneously 
into  vapour,  at  varying  temperatures.  Water  on  being  placed  in  an 
open  vessel  gradually  disappears  ;  wet  things  dry  with  much  greater 
rapidity  when  the  temperature  is  high  and  the  surrounding  air  not 
humid ;  and  again,  when  placed  in  a  current  of  air,  the  water  with 
which  they  are  saturated  is  converted  still  more  quickly  into  vapour. 
Mercury  evaporates  at  orrlinary  temperatures;  a  fact  which  was 
placed  l>eyond  doubt  by  Faraday,  by  means  of  the  following  experi- 
ment: he  suspended  a  piece  of  gold  leaf  in  a  flask  containing 
mercury,  and  after  some  length  of  time  he  found  that  the  leaf  was 
whitened.  The  mercury  had  thus  amalgamated  itself  with  the  gold, 
which  could  not  have  resulted  unless  evaporation  had  taken  place. 
This  first  mode  by  which  liquids  pass  into  the  state  of  gas  is  called 
evaporaiicm.  It  is  characterized  by  the  fact  that  it  is  effected  at 
any  temperature  whatever,  and  solely  at  the  superficial  stratum  of 
the  liquid.  Vaporization,  on  the  other  hand,  is  the  conversion  into 
vapour  under  the  influence  of  a  rise  of  temperature  at  the  moment 
when  this  temperature  attains  a  fixed  limit,  determinate  for  each 
liquid,  and  constant  for  the  same  external  pressure.  The  liquid  is 
then  in  ebullition,  that  is  to  say,  its  mass  is  agitated  by  the  passage 
of  the  bubbles  of  vapour  which  have  escaped  from  the  bottom  of 
the  vessel  which  contains  it,  and  the  specific  lightness  of  which 
causes  them  to  ascend  to  the  surface. 

The  temperature  at  which  a  liquid  enters  into  ebullition  is,  as 
we  have  just  said,  constant  for  the  same  pressure:  tliat  is,  if  the 
liquid  is  always  contained  in  a  vessel  of  the  same  substance.  Water 
boils  at  \i)(f,  at  tlie  barometric  pressure  of  760  millimetres,  in  a 
metallic  vessel;  in  a  glass  vessel,  however,  it  scarcely  lx)il8  at  101  ^ 
as  proved  by  Oay-Lussac :  this  probably  proceeds  from  a  stronger 
adhesion  of  the  liquid  molecules  to  the  glass  than  to  the  metal. 
Moreover,  the  temperature  of  ebullition  remains  constant  during  the 
wliole  time  that  the  vaporization  of  a  liquid  mass  continues ;  only, 
if  a  iNon;  iiitoiise  lioat  is  used,  tho  passa^^c  into  the  vaporous  state 
i.M   cnVftf'd   inoif  rapidly. 

TIk*  follow  in;^'  aif  the  tetnpemture.^  at  which   va|toiiz;ition  rwhieh 
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always  acconipanies  ebullition)  taked  place  In  the  case  of  tlie  fol- 
lowing liquids:— 

Ether 35* 

Alcohol BiJ* 

Wut«r 100" 

Concentrated  milphurio  add  .  'Ai')" 

Mercnry 350' 

Sulphur ^K)" 

\aA  us  now  study  more  closely  the  curious  pheuoiueua  of  the 
cl>ullitioii  or  boiling  of  liquids,  and  we  will  take  for  our  example 
that  liquid  which  is  most  easy  to  observe,  viz.  water. 

AVhen  the  temperature  of  a  vessel  containing  water  is  raised  by 
placiug  it  on  the  fire,  the  bottom  and  sides 
of  the  vessel  receive  the  first  influence  of  .'^" :   ,' 

the  heat.    Tlieheat  is  then  communicated  - 

to  the  contained  liquid,  which  is  at  first  '-!'■'■ 

evajwratod  at  the  surfnce,this  evaiioiution  *^ 

being  greater  as  the  lemjierature  of  the  :-^ 

water  approaclics  nearer  to  ebullition.    At  i  "I 

length  the  moment  arrives  when  vaiwur  .-  -"'■-v 

is  pnxluced  on  the  inner  surfaces  and  at 
tlie  bottom  of  the  vei-stil.  Tlie  bubbles 
there  formeil  liave  an  elastic  or  expansive 
force,  which,  added  to  their  specific  light- 
ness, causes  them  to  rise  to  tlie  surface  of 
the  liquid.  liut  the  weight  of  the  strata  of 
water  and  the  atmosiiheric  pressui-e  ate 
opposed  to  this  ascent,  which  docs  not 
fftectively  take  place  until  the  elastic 
force   of   the    vapour    is    equal    to    the 

sum  of  these  two  pressure!'.  Then  a  tumultuous  movement  com- 
mences, which  ia  due  to  the  passage  of  bubbles  which  buiiit  at 
the  surface  of  the  liquid.  A  little  before  ebullition,  a  peculiar 
noise  is  heard :  it  ia  then  said  that  the  water  aini/s.  The  iiro- 
ducttim  ot  this  noise  may  be  explained  as  follows:  when  the  lirst 
hubbies  of  vajwur  rise  to  the  surface,  they  traverse  strata  more 
or  less  wanii,  the  vajwur  of  which  they  are  fonued  is  cooled  and 
■  ondcnsed,  and  the  ."umiunding  water  immediately  fills  the   spaces 


430 


PHYSICAL  PHEX03IEXA. 


[boob  it. 


whicli  reaiilt.  But  the  upper  strata  of  the  water  soon  attain  the 
temperature  of  the  strata  at  the  bottom,  aod  the  noise  ceases,  because 
the  cause  of  the  condeusation  of  the  bubbles  has  disappeared. 

The  appearance  of  the  bubbles  of  vapour  confirms  this  explana- 
tion ;  they  at  first  rise  under  the  form  of  cones  which  taper  off  at  the 
upper  part;  when  ebullition  is  complete  they  rise,  on  the  contrary, 
as  cones  widened  at  the  top,  because,  instead  of  being  condensed, 
they  are  expaiided  in  proportion  as  they  overcome  the  diminishing 
pressure  of  the  liquid  above  them. 

Experiment  proves  that,  during  the  whole  time  of  boiling  of  a 
liquid,  the  elastic  tension  of  the  vapour  which  is  formed  is  precisely 
equal  to  the  external  pressure ;  and,  because,  as  we  shall  presently 
see,  this  tension  increases  with  the  temperature,  it  follows  that  the 
temperature  of  ebullition  of  a  liquid  is  lowered  as  the  external  pres- 
sure decreases,  and,  on  the  contrary,  that  it  is  raised  as  the  external 
pressure  increases.  Tlius,  under  a  pressure  of  7G0  ram.  water  boila 
at  100°.  De  Saussure,  having  boiled  water  on  Mout  Blanc,  found  86° 
to  be  tlie  temperature  of 
ebullition,  the  barometric 
pressure  being  434  mm. ; 
Bravaisand  Martins  made 
similar  experiments,  and 
found  the  temperature  of 
ebullition  at  the  Grands- 
Mulets,  on  the  sides  of  the 
same  mountain,  90°,  under 
a  pressure  of  529  mm.,  and 
at  the  top  of  Mont  Blanc 
844°,  with  a  pressure  of 
424  mm. 

In  au  apparatus  called 
'"*L    -.^-  ^        -.,, ..-i*   --  ^_.^'         (after  its  inventor) Papin's 
"'^i'  .*V'-"-«™i=.  i^-it^-  Digester,  the  temperature 

Ki.r  r.is.   i';.i.ih'bi>.i;i:iii.'i  ^^  ebultition  of  watcr  is 

raised  at  will,  by  increas- 
ing the  pressure  on  the  surface  of  the  liquid.  The  iucreasi'd  pressure 
is  produced  by  tiiu-  vapour,  wliidi  accuniulntfs!  in  large  quantity 
above  the  surfiiw,  ami  niises  the  boiling  point  of  (he  liquid.     Papin's 
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Digester  is  composed  of  a  cylindrical  vessel  made  of  iron  or  bronze, 
with  tliick  and  excessively  strong  sides;  it  is  closed  by  a  cover  of 
the  same  metal,  which  a  pressure-screw  presses  against  the  edges  of 
the  opening  (Fig.  298).  A  hole  in  the  cover  allows  the  vapour  to 
escape,  whenever  its  tension  exceeds  a  certain  limit,  which  can  be 
fixed  at  pleasure  by  the  following  means :  the  hole  in  the  cover  is 
closed  by  the  arm  of  a  lever,  at  the  extremity  of  which  is  a  weight 
acting  with  a  force  proportional  to  its  mass  and  the  length  of  the 
arm  of  the  lever. 

The  limit  of  the  elastic  force  of  tliis  vapour,  or,  in  other  words, 
that  of  the  tempemture  of  the  water  contained  in  the  vessel,  can  thus 
be  regulated  beforehand.  Water  can  thus  be  boiled  at  a  constant  tem- 
peratnre  far  exceeding  100",  a  temperature  capable  indeed  of  melting 
tin,  bismuth,  and  lead.  Papin's  Digester  is  used  to  dissolve  or  boil 
in  water  substances  which 
require  a  higher  temperature 
than  that  of  ebullition  in  free 
air,  jit  the  ordinary  i)ressun» 
of  the  atmosphere. 

We  have  mention<*d  tluit 
the  ebullitir)!!  of  liquids  takes 
place  at  temperatures  which 
are  lower  as  the  i)ressure 
decreases ;  now,  on  placing 
under  the  receiver  of  iin  air- 
puni])  a  vessel  containiug 
water  at  a  tempi^rature  l)elow 
100°,  this  licpiid  is  seen  to 
enter  into  ebullition  as  soon 
as,  on  rarefying  the  air,  the 
pressure  falls  to  that  of  the 
elastic  force  of  steam  at  tliis 

temperature ;  the  vapour  thus  formed  ac(?umulates  above  the  surface 
of  the  liquid,  and  by  its  increasing  ja-es-iure  ultimately  stops  the 
ebullition.  If  the  receiver  is  now  cook*d  by  means  of  a  wet  cloth, 
the  fall  of  temperature  condenses  a  part  of  the  vai)our,  and  thus 
diminislies  the  pressure,  and  ebullition  reconnnences. 

This  experiment  can  be  tried  without  the  aid  of  an   air-pump. 

c;  c  2 


Fm.  "JitO. — KhuIIition  of  water  at  n  tfinporatuie 
lowf  r  ilian  HW'^. 
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iiKTi'iiry ;    if  l 

nUl    '>r   til.-   tlir. 


\  «*.>?  vT-iT  ::,  f.z  'jj  \-JSSitz  is 

iisfih.':fS,:     T.    Si«::23     3^    if    witef    ;« 

T'j  aa>IrTslind  ;h->K'Ti2hly  :h«  o>jn- 
tii'i'jn?  Bc-i-^r  »hica  the  last  change 
'.I  ^'A"^ — th-:  iiqit/<tftioik  of  ^ut* — 
whi';h  Kmains  w  be  stncieJ  takes 
[•1&i;«.  it  is  iD'iLSp'eiisible  for  ns  t» 
know  the  laws  which  regnlaie  the 
f*fnna:i*>n  of  vapoms  in  mcfo,  the 
tr^iperimental  demonstmtioD  of  which 
i-j  line  to  the  pbyiicist  Dalton.  The 
following  13  an  acconnt  of  them ; — 

If  we  introduce  into  the  Torri- 
cellian vacuQin  a  certain  volume  of 
any  litjui'l,  for  instance,  a  cubic  cen- 
timetre of  alcohol,  the  level  of  the 
mercurj- 13  seen  to  he  depressed,  and 
to  stop  at  a  point  h  (Fig.  300) ;  and 
its  distance  from  the  level  of  a 
I^Tonieter,  immersed  in  the  same 
Itasiu  as  the  first  tube,  measures  the 
tension  or  elastic  force  of  the  vapour 
formed.  \Ve  see  at  once  that  in 
THCuo  liquids  pass  spontaneously 
into  vapour. 

I/-t  us  su|>pose  that  a  tliin  stm- 

tiiiti   i)f   liijiiiii   i,s   floating    on    the 

raised  witlumt  liftin'^  tin-  lower  end 

viil  Vm.  .ili^fi'vod  In  i-..maiii  at  h,  tlial  is 
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to  say,  at  the  same  Iieiglit  as  lieforc.  But  the  lifjuiii  stratum  of 
alcohol  diiiiiiiishes  in  thickness  in  proiwrtioii  as  thu  space  occupied 
by  the  vapour  increases;  a  fresh  quantity  of  vapciur  is  i'ornietl  with- 
out a  change  of  tension  ;  and  thua  it  coiitimics  until  the  ^vhole  of  the 
liquid  is  evaporated.  If  we  now  continue  to  raise  the  tube,  that  is, 
to  iucrease  tlie  space  which  the  vai>our  occupies,  the  level  of  the 
mercury  will  rise,  wliich  proves  that  tlie  teusiou  of  the  vapour 
diminishes.  The  tube  being 
again  lowered,  the  level  falls 
and  comes  back  to  the 
point  b ;  but  if  then  the 
same  movement  be  con- 
tinued, the  level  remains 
constant,  while  an  increaij- 
ing  portion  of  the  vapour 
resumes  the  liquid  form. 
Figxire  301  represent.s  thi-ee 
liaronietric  tulios,  the  cham- 
bers of  which  are  filled  with 
the  vajioTir  of  the  same 
liquid ;  as  long  as  this  re- 
mains in  contact  with  the 
liquid  itself,  its  tijnsion  does 
not  vary,  which  is  proved 
by  the  equal  height  of  the 
mercury  in  the  three  exjicri- 
inental  tubes. 

,,  ,1-1;,  Kic.  aOl— 1(11. ItlnliDilynf  IliH  ,i,.-iiinui7ii[fni.ionnf  the 

rrom  this  nrst  cx)ren-  >,:.••••■  \a,-'n  it  the  ^i«e  icmi«^ruuro.  L»iian'ii 
nient  Daltou  concluiieil : 

1st.  Thill  a  liquid  placed  in  a  vacuum  vaporizes  spontaneously. 

2nd.  That  the  vapour  thus  fonued  attains  a  maximum  degree  of 
tension  which  remains  invariable  whilst  an  excess  of  liquid  remains 
in  contact  witli  the  sjiace  filled  with  vapour.  It  is  then  said  that  the 
space  is  saluratcd  with  vapour. 

If  we  make  the  experiment  with  liquids  of  various  kinds — water. 
alcohol,  ether,  itc. — wi:  find  that  the  maximum  tension  varies  with 
different  liquiils  at  the  same  temperature;  this  is  proved  by  the 
different  levels  of   the  mercurv   in  the  barometer  tubes   shown   in 
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Figure  302.  If  the  temperatures  are  caused  to  vary,  these  phenomena 
are  produced  in  the  aame  oi-der,  but  the  maximum  teuaion  increases 
rapidly.  Tim  following  table  gives  the  tensiouH  of  aqueous  vapour  iu 
a  vacuum,  at  different  tenipei-aturea,  expressed  either  by  the  onnilier 


of  millimetres  of  mercury  which  it  supports  in  a  barometric  tube,  or 
by  the  number  of  atmospheres  of  760  millimetres. 


+  lou° 

By  this  table  it  is  seen  that  at  the  ordinary  temperatures,  between 
10'  and  30°  for  instance,  the  maximum  tension  of  aq^ueous  vapour  in 
vanio  does  not  exceed  32  millimetres.     A  pressure  higher  than  32 


PfPlioilFl. 

Teini>eisttires 

2-1 

+   12tP 

4-6 

+   134° 

n-2 

+  144° 

17-4 

+  152^ 

31-5 

+  180° 

55-0 

+  212° 

!)2'0 

+  2.'i2' 

m-0 

+  2G6° 
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iinlliinetres,  at  the  teniponiture  of  nO"*,  will  cause  a  part  of  the  vapour 
to  return  to  the  lic^uid  state.  Xevertheh*sf^,  we  Sfe  water  si)on- 
taneously  vaporize*!  iu  ilie  open  air,  under  a  nnich  «;reater  i)ressure, 
tlie  mean  bein*^  7<)()nini.  This  is  an  api)arent  anomaly,  whieh  proves 
the  tendency  which  ^^ascis  ])os.sess  to  rise  hy  virtue  of  the  expansive 
force  which  belongs  to  them  ;  the  air  truly  j)re.sses  on  the  surface  of 
the  water,  but  as  air  is  a  porous  body,  its  molecules  havin^j;  spaces 
between  them,  the  molecules  of  aqueous  vapour  fill  these  intervals, 
and  thus  nn'x  with  tlie  «^'as  of  which  the  atmosphiT(^  is  formed. 

Tlie  laws  of  the  mixture  of  <^ases  and  vjij)onrs  were  studied  by 
Gay-Lussac,  wlio  demonstrated  that,  if  a  space  full  of  <j[as  is  saturated 
with  the  vnpr>ur  of  any  li(|uid,  the  maximum  ten<inn  of  tliis  va])Our  is 
pr(*cisely  that  which  it  possesses  in  a  vacuum  at  tlie  same  tempera- 
ture. The  more  the  tem[)erature  is  raised,  the  more  vapour  will  a 
space,  whether  vacuous  or  lilh^l  with  j^as,  require  to  saturate  it. 
Thus  in  summer,  in  very  warm  weather,  there  is  often  more  aqueous 
vapour  in  the  air  than  in  winter,  during  a  damp  and  cold  season. 
This  fact  astonishes  many  i)eople  who  consider  that  clouds  and  fogs 
are  formed  of  aqueous  va])our ;  but  this  is  a  mistake,  for  aqueous 
vapour  is  always  perfectly  invisible  and  transparent.  The  very 
miinite  drops  of  which  fo<L(s  and  clouds  are  formed  are  water  in 
the  state  of  licpiid,  not  of  vapour ;  in  other  words,  it  is  aqueous 
vapour  which  the  lowness  of  the  temperature  has  condenscMl.  There 
are,  it  is  true,  substances  wht)se  vai)oui*s  are  visible — for  example, 
iodine ;  but  this  results  from  the  fact  that  this  vapour  is  not  colour- 
less lik(i  that  of  water,  for  it  is  of  a  beautiful  i>ur[»le-vit)let.  Again, 
the  vai)Our  of  chlorine  is  visible^  on  account  of  its  greenish-yellow 
c(dour,  that  of  ])romine  bv  its  brownish-red  colour. 

^Vhen  a  gas  or  vapour  is  contained  in  a  closed  space,  its  lique- 
faction can  be  j»rodueed  by  two  methods — viz.  either  by  lowering  its 
temperature  or  diminishing  its  volume.  lUit,  in  order  that  the  litjuid 
may  apjx'ar,  it  is  necessary  that  the  space  bt»  previously  saturated ; 
and  it  is  also  by  this  same  means  of  cooling  or  compression  that 
the  state  r)f  saturation  is  obtained.  l>y  vapour  is  understood  the 
condition  of  a  substance*  which  was  before  in  a*  li(piid  state.  There 
is  no  dilliculty  in  liquefying  any  va^Mjur,  if  we  place  it  under  the 
conditions  of  tcnq>erature  and  pressure  which  it  possessed  when  it 
existed  in  the  liquid  state. 
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CHAPTER  IV. 

PROPAGATION   OF   HEAT. — KADI  ANT   WVJi'W 

Heat  is  transmitted  in  two  different  wavs,  l»v  conduction  and  hv  radiation 
Examples  of  these  two  modes  of  im^jKi^ation — Radiation  of  ol)scure  heat  in 
rncno  -Kadiant  heat  i«  i)n)pa;rated  in  a  strai^rht  lin**  ;  its  velocity  is  tlie  same 
as  that  of  light — Laws  of  the  reflection  of  heal  ;  oxi>erinients  with  conjii^to 
mirrors — Apparent  radiation  of  cold — Bnmin;;  mirrors — Refraction  of  heat ; 
huniing  glasses — Similarity  of  radiant  heat  and  of  ]i;;ht  Study  of  radiators, 
reflectors,  ahsorbinjT  and  di:ithermanou.s  bodies-  Thermo-electric  pile;  experi- 
ments of  Leslie  and  Mellon i. 

TTTHILK  describing  the  eilects  of  heat  on  matter,  effects  which 
^ '  modify  its  volume,  or  change  its  physical  condition,  we  liave 
said  nothhig  of  the  manner  in  wliich  the  passage  of  heat  from  tlie 
heat-source  to  the  heated  body  is  effected.  When  two  bodies  are 
in  the  jn'esence  of  each  other,  either  in  contact  or  at  some  distance 
apart,  experiment  proves  that  an  intijrchange  of  lieat  takes  place 
between  them,  Imw  little  soever  their  tempenitures  may  differ;  so 
that  each  of  them  lH.M!omes  a  source  of  heat  to  the  other:  but  we, 
more  often,  reserve  the  term  heat-sourco  for  that  of  the  two 
bodies  which  possesses  the  higher  tempemtuiv.  We  shall  now  study 
tlie  different  modes  of  transmission  of  lieat  when  it  passes  fmin 
a  heat-source  to  a  Ixuly  which  is  mnn*  or  h*ss  distant,  or  is  trans- 
mitted through  various  media. 

Exp(^riment  has  shown  us  two  principal  modes  of  propagation 
of  heat,  and  we  observe  that  the  following  examples  may  l)C 
easily  multiplied  by  adding  our  daily  observations  of  like  phe- 
nomena. When  a  cold  iron  bar  is  held  in  the  hand  by  one  of  its 
extremities,  the  other  end  being  placed  in  the  fire,  a  certain  time 
elapses  before  the  heat  of  the  fire,  which  is  gradually  transmitted 
along  the  bar,  is  ]Kin-eptible  to  thtj  toucli :  the  sliorter  the  bar,  the 
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less  time  docs  the  heat  take  to  travel  along  it ;  moreover,  the  intensity 
of  the  heat  thus  propagated  increases  from  the  moment  of  the  first 
impression,  if  the  bar  still  remains  in  the  fire.  Here,  the  heat  has 
travelled  along  the  metal,  and  from  molecule  to  molecule ;  it  is  by 
tlie  intervention  of  material  particles  that  it  has  thus  been  conducted 
fi-om  one  extremity  to  the  other  of  the  iron  bar,  and  lastly  com- 
municated to  the  hand  by  contact.  This  is  an  example  of  the 
propagation  of  heat  by  conduction.  It  is  in  this  way  that  the 
temperature  of  the  exterior  walls  of  a  vessel  is  raised,  when  hot 
water  has  been  poured  into  the  interior.  The  same  mode  of  trans- 
mission does  not  obtain,  however,  when  the  heat  of  the  fire  is  com- 
municated to  the  face  of  a  person  who  removes  a  fire-screen  quickly 
from  before  him,  and  thus  becomes  exposed  to  its  influence.  In 
this  case  the  rapidity  of  the  impression  proves  that  it  is  not  by 
warm  air  interposed  between  the  fire  and  the  face  that  the  heat  of 
the  fire  has  been  propagated,  but  by  a  movement  analogous  to  that 
of  light  emanating  from  a  luminous  source.  The  heat  is  then  said  to 
be  propagated  by  radiation,  and  radiant  heat  is  that  which  is  emitted 
from  a  source  of  heat  and  thus  transmitted  to  a  distance. 

Thus,  when  a  source  of  heat  is  in  the  presence  of,  and  at  a  cer- 
tain distance  from,  a  body,  it  can  raise  its  temperature  in  two  ways : 
either  by  gradually  warming,  molecule  by  molecule,  all  the  material 
parts  which  are  interposed  between  the  body  and  the  source,  or 
by  warming  the  body  directly,  without  an  elevation  of  temperature 
of  the  intermediate  parts  being  a  necessary  condition  to  the  elevation 
of  the  temperature  of  the  body.  Heat  is  propagated  by  conduction 
in  the  first  instance,  by  radiation  in  the  second. 

As  all  other  methods  of  transmission  of  heat  may  be  included 
in  one  or  other  of  these,  or  by  their  combination,  we  shall  study 
them  separately,  and  we  will  commence  with  radiant  heat. 

The  action  of  the  solar  rays,  which  make  themselves  felt  at  a 
distance  of  91  millions  of  miles,  proves  that  heat  does  not  require 
a  medium  of  a  ponderable  nature  for  its  propagation;  and,  indeed, 
when,  after  having  traversed  the  interplanetary  spaces,  it  enters  the 
atniosphore,  and  ultimately  readies  the  earth,  it  warms  this  latter 
(lireetly,  without  liavinir  niised  to  a  perceptible  degree  the  temperature 
of  the  u})]>cr  strata  of  the  atiiios])h<'re.  to  which  the  c()l(l  which  exists 
in  hi«'h  remons  of  the  air,  on  tlie  summit  of  loftv  mountains,  testifies. 
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Heat  radiates  from  all  tlie  incandescent  bodies  which  niav  be 
observed  on  the  face  of  the  earth,  in  the  same  way  as  it  emanates 
from  the  sun.  Obscure  heat  also  possesses  the  same  proi)ert.y,  tliat 
is  to  say,  it  is  propagated  from  its  source  to  any  distance  by  direct 
radiation,  without  warming  the  intermediate  space,  as  during  con- 
duction. Kumford's  experiment  has  placed  tliis  result  beyond 
doubt.  He  constructed  a  barometer,  the  tube  of  which  was  ter- 
minated at  its  upper  extremity  by  a  large  bulb,  in  the  centre  of 
which  a  tliermometer  was  placed ;  the  bulb  thus  formed  tlie  vacuous 
chamber  of  the  instrument,  so  that  it  was  entirely  void  of  ponderable 
matter  (l^ig.  303).  Having  then  closed  tlie  orifice  of  the  stem, 
and  sealed  olf  the  bulb  from  it,  he  plunged  the  lower 
part  of  this  latter  into  boiling  water;  the  mercury  j 

in  the  thermometer  rose  immediateh/ — an  effect  which 
could  be  attributed  onlv  to  the  radiation  across  the 
vacuum  of  the  heat  communicated  by  the  water  to 
the  mercury  in  the  bulb. 

Thus  obscure  heat  radiates  from  calorific  sources 
in  the  same  manner  as  luminous  heat. 

\Ve  will  now  show  a  more  complete  analogy  be- 
tween the  phenomena  of  radiant  heat  and  light ;  the 
same  laws  regulate  both,  so  thtit  luminous  and  calorific 
elVects  appear  to  be  i)roduced  by  movements  of  the 
same  nature,  for  we  are  already  aware  of  the  existence 
of  heat-rays  beyond  the  red  end  of  the  solar  spectrum. 

Like  light,  radiant  heat  is  transmitted  in  straight 
lines  through  homogeneous  media;  if  therefore  we 
interpose,  between  a  source  of  heat  and  one  of  the 
bulbs  of  Leslie's  ditferential  thermometer,  a  series 
of  screens,  each  ])ierced  with  a  hole,  the  instrument 
will  mark  the  elevation  of  temperature  only  so  long  as  the  holes  of 
the  screens  remain  in  a  straight  line.  This  experiment  proves  that 
bodies  exist  of  such  a  nature  that  radiant  heat  does  not  pass  through 
them  :  thev  are  called  (KUathcrmanous  substances.  Other  substances 
which  arc  traverseil  with  more  or  less  facility  by  heat-rays  are  called 
(luitJurmnnnii.^:  these  latter  are  generally  transparent  substances,  such 
as  air  and  other  gases ;  but  there  are  also  opaf^ue  bodies  which 
permit  the  passage  of  radiant  heat,  and  are  hence  diathermanous. 


l.'i,j.  .'{)i:t.— Itnilintii>ii 
of  ohHi'ure  heat  lu 
nu'Uii. 
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TJie  velocity  of  propagation  of  radiant  heat  is  as  great  as  the 
velocity  of  light.  The  first  ^series  of  experiments  provel  that  there 
is  no  appreciaU*:  inter\-al  Ijetween  the  moment  when  a  screen,  inter- 
poserl  Ijetween  a  source  of  heat  and  a  very  sensitive  thermoscope, 
is  reniove«l,  and  that  in  which  the  instrument  marks  the  elevation 
of  temjicratTfre.  ^lariotte  worked  thus  at  a  distance  of  more  than 
100  metres :  Pictet  at  23  metres.  But  these  experiments  only  prove 
that  the  vekK;ity  of  radiant  heat  is  great,  without  giving  its  measure ; 
it  has  since  Ijeen  proved  that  there  is  a  perceptible  difference  be- 
tween the  velocity  of  the  dark  heat-rays  of  the  solar  spectrum  and 
of  liffht  ravs. 


Kfo.  'Mt\. — K<ffl*'i-ti<'n  fif  h^at :  «rxp«rriiii<-ntt  with  ]>:inilM)lii-  rnnjiijjiatr  iniiTtnu. 


Rfuliant  heat  is  retiticted  from  the  surface  of  IkkHcs,  like  light, 
and  in  accordance  with  tlie  same  laws.  We  can  jissure  ourselves  of 
this  identity,  by  sliowing  that  the  effects  of  a  radiating  source  are 
analogous  to  the  luminous  effects  of  reflection.  Tlius,  if  we  place  two 
panilK>lic  mirrors  opposite  to  each  other,  so  that  tlicir  axes  coin- 
cide (Fig.  304),  a  source  of  heat  placed  in  one  of  tlie  foci  will 
iransmit,  to  tli<*  nearest  mirror,  rays  whicli  will  be  reflected  parallel  to 
the  common  axis,  and  after  falling  on  the  seeond  mirror  will,  after 
this  lU'W  r«'(l(?ction,  be  reunited  in  its  focus.  Tliis  is  what  ought  to 
take  j>la^:e  if  the  laws  of  tli«'  r<fbMti(»n  of  lu-at  are  the  same  as  those 
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of  light ;  anci  we  find  that  such  is  the  case.  In  one  of  the  foci  we 
place  an  iron  basket  containing  burning  coals,  and  in  the  other 
focus  some  gunpowder,  tinder,  gun-cotton,  or  any  other  inflammable 
substance, — it  takes  fire  instantly.  This  experiment  will  not  succeed,  if 
the  source  of  heat  or  tlie  inflammable  body  be  displaced,  however  little, 
from  their  respective  foci.  An  ex])eriment  of  Sir  II.  Davy  has  proved 
that  the  laws  of  the  reflection  of  radiant  heat  are  tlie  same  in  vacuo 
as  in  air.  Moreover  obscure  heat  is  propagated  like  heat  which 
radiates  from  incandescent  sources,  wliicli  may  be  demonstrated  by 
the  experiment  of  tlie  conjugate  mirrors  by  means  of  a  vessel  filled 
with  boiling  water.  This  vessel  is  jdaced  in  one  of  the  foci  and  the 
bulb  of  a  th(jrmometer  in  the  other,  which  immediately  indicates  a 
rise  of  temperature.  The  samc^  thermometer  placed  away  from  the 
focus  manifests  no  perceptible  change. 

We  will  now  8])eak  of  a  curious  experiment  which  would  lead  us 
at  first  sight  to  believe  that  cold  can  be  radiated  as  well  as  heat. 
If  a  piece  of  ice  is  substituted  for  one  of  the  sources  of  heat,  of 
which  we  have  just  spoken,  and  if  it  is  placed  exactly  in  the  focus 
of  one  of  the  mirrors,  the  thermometer  in  the  other  focus  falls,  as 
if  a  reflection  of  cold  had  taken  place.  The  fact  in  this  case  is,  as 
in  the  others,  that  there  are  two  bodies  of  unecpial  temperature  in 
the  presence  of  each  other,  both  of  which  radiate  heat.  P^ich  of 
them  suffers  a  loss  of  heat,  which  is  partly  compensated  for  by  the 
gain  which  follows  from  the  radiation  of  the  other.  In  the  first 
experiment,  the  thermometer  received  more  than  it  lost,  and  there- 
fore there  was  an  increase  of  temperature  and  an  elevation  of  the 
mercurial  level.  In  the  ice  experiment,  the  thermometer  on  the  con- 
trary loses  more  heat  than  it  receives;  its  temperature  diminishes, 
and  the  mercury  sinks. 

The  laws  (jf  radiant  heat  have  been  utilized  in  obtaining  a  heat 
of  very  great  intensity  at  the  focus  of  a  spherical  concave  mirror 
exposed  to  the  solar  rays.  With  an  apparatus  of  this  kind,  which  is 
then  called  a  hurning  mirror  (Fig.  3i)r>),  and  which  pos.sesses  a  large 
diameter  and  considemble  curvature,  metals  have  been  melted, 
•bricks  and  stones  vitrified,  &c.  IhifVon  obtained  this  effect  from 
spherical  mirrors,  by  ])lacing  100  silvered  j>lane  mirrors  in  such  a 
manner  that  eacrh  of  them  was  a  tangent  to  the  same  sphere  ;  each 
mirror  turned  on  a  hinge,  and  he  thus  increased  or  diminished  the 
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Tii*:  j.r-^jr.rtiorj  vf  ih'rs*  differ- 
ent {mciiouji  f'l  irici*knt  LeaT- 
nyji  varies  ai.coidinijr  to  th«? 
nature  of  the  l->lv  which  re- 
r*eive«  theiij.  tiie  state  of  its 
rurface.  io.  Hence  the  expres- 
sions, ofl^.dinfj,  dljnU'iir^,  aJMOrth- 
ing,  and  diatlt/rmanoui  pnrns, 
to  desijfnate  the  properties  which 
corre.sjK^nd  to  tiiese  different 
ttifAcM  of  ra'iiation  of  heat  }»y  various  Ixxlies.  AVe  shall  speak  of 
th*5H^?  hereafter.  At  prevent  we  will  confine  ourselves  to  the  pheno- 
inena  of  tin;  tran-»nii.sKion  of  nidiant  heat  through  diatheriuanous 
media,  and  to  the  laws  of  its  propagation,  because  we  shall  find 
an  analo;ry  between  heat  and  liglit  in  this  resiiect. 

Heat- rays,  when  tliey  ent^-r  a  diatherinanous  nie<liuni,  undergo 
tli«r  <Ieviatiofi  uhirh  wc*  lnv**  .-tu«li<;'l  in  li^iht  under  the  name  of 
rtfnittloii.  11  lli<- fjilorifir  In  am  liills  j)er|iendicularly  on  the  surface 
of  th<r  iii^mIjimii,  tlj<Te  is  no  <l«'vi.jtion.  JUit  :it  anuth'.-r  incidenc**  the 
ray  ii  d''viaier|,;in<I  aj>pro;jelir.':,  ihc  normal  at  the  j»oint  of  iucidence,  in 
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passing  from  one  iiieilium  to  anotlier  of  a  greater  density;  in  a  word, 
the  laws  of  refraction  of  heat  liave  been  demotistrated  to  be  like 
those  of  the  refraction  of  light.  This  fact  has  been  proved  experi- 
mentally by  using  convei^ent  spherical  tenses  to  concentrate  the 
calorific  rays  which  accompany  the  luminous  rays  of  the  sun.  At  the 
focus,  where  the  light  is  most  intense,  the  heat  is  also  the  greatest; 
and  everyone  can  verify  the  truth  of  this  fact,  by  setting  fire,  by  the 
aid  of  a  magnifying  glass,  to  even  a  slightly  inflammable  substance  by 
the  rays  of  the  sun— timlcr,  linen,  wood,  paper.  &c.  This  refers,  it  is 
true,  to  sources  of  luminous  heat ;  but  ^IcUoni  has  proved  by  using 


prisms  and  lenses  of  rock-sjilt — which  substance  absorbs  a  smaller 
amount  of  heat  than  any  other — that  obscure  heat  is  refracted  in 
the  same  manner  as  that  proceeding  from  an  incandescent  source. 

Tlie  refraction  of  heat  has  been  used,  like  its  reflection,  to  produce 
a  very  intense  heat  by  the  concentration  of  the  rays  of  the  sun.  The 
name  of  hitrninff  ffliiAt  is  given  to  every  kind  of  lens  constructed  for 
this  purjiose,  whatever  the  diathermic  substance  may  be.  The  power 
of  a  burning  glass  increases  witli  its  diameter,  and  with  the  shortness 
of  the  radii  of  the  spheres  to  which  the  surfaces  of  the  lens  belong. 
Tachirnliausen,  celebrated  for  the  construction  of  binning  mirrors  of 
great  power,  made  burning  glasses  nearly  a  metre  in  diameter,  with 
which  he   succeeded  in  niclting  niehds,  and  vitrifying  mineral  sub- 
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stances.  BufToD  obtained  the  same  results  with  an  echelon  lens, — 
that  is,  a  lens,  one  surface  of  which  is  plane,  while  the  other  is  cut 
into  concentric  rings.  The  curvature  of  each  of  these  rings  is 
calculated  so  that  all  the  solar  rays  falling  on  the  surface  cuu- 
verge  to  the  same  point  (Fig,  307),  In  an  apparatus  of  this  kind, 
the  thickness  of  the  glass  being  less  than  in  an  ordinary  lens  of 
the  same  aperture,  less  heat  is  absorbed,  and  tlie  calorific  effect  at 
the  focus  is  consequently  more  intense. 

Burning  glasses  have  also  been  constracted  with  various  liquids, 
the  lens  being  formed  of  two  convex  glasses,  enclosing  a  cavity 
which  contains  the  liquid 
employed.  Of  these  we  must 
quote  the  bnniing  glass  con- 
structed in  the  last  century 
by  Bemi^res  and  Trudaine ; 
it  was  four  feet  (1-33  m.)  in 
diameter,  and  had  a  focal 
length  of  eight  feet :  when 
filled  with  turpentine  and 
exposed  to  the  solar  rays, 
calorific  effects  of  extra- 
ordinary intensity  were  ob- 
tained. 

We  have  most  of  us  heard 

that  sailors,  during  voyages 

to  the  frozen  regions  of  the 

poles,  have  been  able  to  use 

lenses  of  ice  to  procure  fire. 

In  England  very  interesting 

Kio..io--E.-h-ionirn«  experiments  were  made  with 

an  ice  lens  of  great  diameter 

(3  metres),  which  proved  the   possiliility   of    igniting   powder   and 

paper  at  the  focus  of  this  novel  kind  of  burning  glass. 

From  tlui  foregoing  remarks  we  see  that  radiant  heat  is  projta- 
gated  acconlini^  to  thf?  swiw.  hiws  ns  lijjht;  its  velocity  Ls  of  tliu 
same  kiml  ami  dc^ri'i' ;  its  direction  is  rrctilinoar  in  lioniogeueous 
iiiediii ;  it  is  ri'licttcd  anil  rffniuli'il  similarly.  The  analogy  has 
Iwciiie  still   nii.rv  striking-  >Lnir>  \W  ilisci.vrrv  tlial  lival   Tin.icriio.'s 
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double  refraction  in  bi- refractive  media;  and  lastly,  that  it  is  also 
polarized  by  reflection,  and  by  simple  and  double  refraction.  It 
is  probable,  therefore,  that  the  calorific  radiations  do  not  differ 
essentially  from  luminous  radiations,  that  both  are  due  to  the  same 
cause,  viz.  to  vibrations  of  the  ether;  but,  whilst  the  disturbance 
produced  by  the  motion  of  the  luminous  waves  aflects  the  organ 
of  sight  alone,  that  which  proceeds  from  heat-waves,  instead  of 
giving  us  the  sensation  of  light,  produces  the  sensation  of  heat. 
Calorific  and  luminous  radiations  have  even  been  considered  as 
possessing  no  other  difference,  except  a  greater  or  less  rapidity  of 
the  vibratory  movement  which  gives  rise  to  them.  Thus  the  longest 
undulations  or  the  least  refrangible  rays — these  expressions  are 
equivalent — would  constitute  the  heat-rays,  the  obscure  radiations ; 
then  increasing  from  a  certain  limit  of  raj^idity,  the  vibrations, 
without  ceasing  to  produce  heat,  would  impress  the  retina  in  the 
form  of  light. 

The  theoretical  ideas  which  assign  a  common  origin  to  phenomena 
apparently  so  different,  and  which  are  so,  indeed,  to  our  senses,  is 
becoming  more  and  more  plausible.  Tlie  old  hypothesis,  which  made 
heat,  light,  electricity,  and  magnetism  so  many  real  and  distinct 
agents  having  a  separate  existence,  is  almost  abandoned.  We  shall 
soon  see,  in  regard  to  heat,  other  proofs  in  favour  of  the  new  theory, 
which  show  that  heat  is  transformed  into  motion,  and  motion  into 
heat ;  a  transformation  incapable  of  being  explained  by  the  hypo- 
thesis that  caloric  is  a  substance. 

All  bodies,  whatever  may  be  their  temperature,  emit  or  radiate 
heat.  We  have  described  the  experiment  whicli  proves  that  this 
emission  takes  place  with  obscure  heat  as  well  as  with  luminous 
heat.  If,  then,  two  or  more  bodies  are  in  the  presence  of  each  other, 
they  will  mutually  radiate  one  towards  the  other,  and  we  know  that 
the  heat,  received  thus  by  each  of  them,  will  be  partly  reflected  or 
diffused,  partly  transmitted  through  its  substance,  and  partly  ab- 
sorbed. It  is  this  last  portion  only  of  the  heat  which  has  fallen  on 
the  surface  of  a  body  which,  being  transmitted  from  molecule  to 
molecule,  that  is  by  conduction,  influences  its  tenipemture. 

When  bodies  which  are  near  together  and  confined  in  a  small 
space  are  of  unequal  temperatures,  experiment  shows  that  the  hottest 
gmdually  cool  while  the  othei*8  become  warmer.     At  tlie  end  of  a 
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Atanc«4  t'tinairiitig  the  «ainc.  Ttiis  result  may  be  proved  by  enclosing 
tli«  wiMTi-M  t>{  lif;at  in  a  vacuum  or  in  a  apace  filled  with  a  gas, 
|>rr/vi>]i:'J  tliiit  th';  t«m[K:ntture  U:  lii<,'her  tlian  that  of  the  walls  of 
the  ';ri';l'i«iire,  lh<j  rapidity  of  the  exiling  being  also  greater  as  the 
fxi-A^H  of  t<:m|x:rature  itself  in  givater. 

Krnintive  ("jwer  ilepciidH  al.to  on  the  nature  of  the  surface  by 
whi<^Ii  the  nt'liati'tti  is  effected.  r>:slie  proved  the  inequality  of  the 
«-iiji  ■■.jve  j.'.wnr  uf  difr^ri'iit  lioriifs  in  iho  fullovving  manner: — 

At  :i  i.niir'e  i.f  Iiiat,  lie  tu'ik  hollow  ciilie'j,  the  lateral  faces  of 
wlii'li  v.cic  liirriii'il  of  tlje  substiiiiufs  whose  emissive  powers  he 
ili'MJii'l   |r(  compare;    lie  then  lillcd  them  with  boiling  water,  which 
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was  kept  at  a  temperature  of  100°  by  the  heat  of  a  spirit-lamp 
Each  face  of  the  cube  a  (Fig.  308)  was  turned  successively  towards 
a  concave  mirror  M,  at  the  focus  a  of  which  was  placed  one  of  the 
bulbs  of  his  differential  thermometer.  To  limit  the  rays  of  heat  which 
fell  on  the  mirror,  Leslie  placed  two  screens  B,  c,  pierced  with  wide 
apertures  in  the  common  axis  of  the  mirror  and  cube,  as  shown  in 
Fig.  308.  The  action  of  the  radiated  heat  produced  a  difference  of 
level  in  the  two  limbs  of  the  differential  thermometer,  which  became 
stationary  at  the  end  of  a  few  seconds.  Operating  in  the  same 
manner  with  the  different  faces  of  his  cubes,  Leslie  proved  that  the 
nature  of  the  radiating  surface  has  a  considerable  influence  on  the 
emissive  power ;  and,  as  it  has  been  proved  that  the  emissive  powers 
of  two  bodies  are  proportional  to  the  excess  of  tem})erature  of  the 
two  bulbs  of  the  apparatus,  he  could  form  a  comparative  table  of 
their  values  for  one  temperature  of  the  heat-source. 

Since  Leslie's  time,  the  radiating  powers  of  a  great  number  of 
bodies  have  IxBcn  measured  with  other  apparatus,  and  his  result, 
that  lamp-black  and  white  lead  are  the  two  substances  which  possess 
the  greatest  amount  of  radiating  power,  has  been  verified.  If  we 
represent  the  emissive  powers  of  these  substances  by  100,  the 
emissive  powers  of  the  following  substances,  at  the  temperature  of 
100^  are  as  follows: — 

Lamp-black    ...  100 

White  leiid     ...  100 

Paper 98 

Glass 90 

Indian  ink      .     .     .  85 

Gnni-lac     ....  72 

We  thus  see  that  the  metals  i)osseas  the  least  emissive  power. 
It  was  once  imagined  that  bodies  of  bright  colours  radiated  heat  to 
a  less  extent  than  those  of  a  dull  and  dark  colour,  but  the  foreffoinff 
table  disproves  this ;  for  white  lead  radiates  as  much  as  lamp-black. 
The  degree  of  polish  of  the  surface  of  a  body,  a  metal  for  instance, 
influences  its  radiating  power :  in  the  case  of  a  beaten  or  laminated 
plate,  if  it  is  roughened  its  radiating  power  is  increased ;  on  the 
contrary,  it  is  diminished  if  the  plate  is  of  cast  metal ;  which  leads 
to  the  supposition  that  the  emissive  power  is  in  the  inverse  ratio  of 
the  density  of  the  superficial  strata. 

H  II  2 


Steel 

.      17 

Platinum     .     .     . 

.     17 

Polished  bni.ss .     . 

7 

Red  copper .     .     . 

7 

Polished  gold  .     . 

.       3 

Polished  silver 

.       3 
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The  preceding  results  account  for  a  fact,  which  is  easily  proved, 
that  polished  metal  vessels,  especially  silver  ones,  preserve  the 
heat  of  the  liquids  contained  in  them  for  a  long  tinoie ;  but  if  this 
surface  is  unburnished,  and  especially  if  it  be  covered  with  lamp- 
black, the  radiation  becomes  very  intense,  and  the  cooling  of  the 
liquid  takes  place  rapidly. 

From  a  consideration  of  the  radiating  power  of  different  sub- 
stances let  us  pass  to  their  reflecting  power.  And  in  the  first  place 
we  may  remark  that,  in  the  case  of  a  body  which  is  not  transparent 
to  heat  or  ^which  is  adiathermanous,  of  100  heat-rays  falling  on  its 
surface,  perhaps  20  will  be  absorbed;  while  all  the  others,  to  the- 
number  of  80,  will  be  reflected.  Now,  as  the  absorbing  power  is 
itself  equal  to  the  emissive  power,  by  a  very  simple  calculation  the 
reflecting  powers  of  bodies  can  be  found  without  having  recourse  to 
experiments.  At  the  same  time  we  must  not  forget  that  experiment 
has  led  to  the  preceding  reasoning ;  and  in  physics,  it  is  always  more 
instructive  to  learn  anything  experimentally,  both  as  regards  the 
explanation  of  facts  and  the  verification  of  laws. 

Leslie  compared  the  reflecting  power  of  different  substances,  by 
modifying  the  apparatus  which  he  used  for  the  study  of  their  radiating 
powers ;  but  we  p^fer  the  apparatus  used  by  Melloni,  as  many  other 
researches  connected  with  heat  can  be  made  with  it 
The  following  is  a  description  of  it : — 

A  series  of  bars  of  different  metals,  usually  bismuth  and  anti- 
mony, B,  A, ...  are  soldered  together  at  their  extremities,  and  they  are 

arranged  in  such  a  manner  that 
all  the  even  junctures  are  on 
one  side,  and  all  the  odd  ones 
on  the  other,  as  in  Fig.  309. 
The  two  extreme  bars  of  the 
series,  one  bismuth  and  the  other 
A      BA     BA     BA     BA      B  autlmouy,  are  connected  by  a 

Pio.  309.— Elements  of  the  thenno-electric  pUe.        metal  wirC ;  this  fonUS  a  ihcmU)' 

electric  pile.  Whenever  there  is 
a  difference  of  temperature  between  tlie  even  and  tlie  odd  joints, 
an  electric  current  is  produced,  either  in  one  direction  or  the  other, 
but  always  passinii:  from  the  bismuth  to  the  antimony,  on  the 
side   which    is   at  tli**    liighest    temperature.      Clenerally   a    certain 
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niunber  of  similar  nlemeiits  are  united  in  a  bnndle,  to  which  tlie 
form  of  a  rectangular  prism  ia  given,  so  that  both  faces  are  visible, 
one  formed  by  the  even  nnmber  of  joints,  the  other  by  the  uneven. 

Wlienever  one  or  other  of  the  faces  of  the  pile  is  heated  by 
calorific  radiation,  the  current  will  be  produced ;  and  we  must  now 
consider  how  its  existence  can  be  proved.  The  two  conducting  wires 
iire  wound  round  the  frame  of  a  galvanometer — the  description  of 
which  will  be  found  in  Book  VI.,  which  is  devoted  to  Electricity — and 
the  current  acts  on  the  magnetic  needle,  causing  it  to  deviate  either 
in  one  direction  or  in  the  other,  according  to  tlie  direction  of  the 


current.  The  extent  of  the  deviation  can  then  he  read  on  the  dial 
of  the  galvanometer,  and  this  shows  the  intensity  of  the  cnrrent, 
and,  afterwanls,  the  difference  of  temperature  of  the  two  faces  of 
this  pile.  The  thermo-electric  pile  thus  constituted  ia  an  instrument 
of  great  sensibility :  if  we  touch  one  of  the  faces  with  the  finger,  or 
blow  a  puff  of  warm  air  upon  it,  it  is  suG^cient  to  cause  the  needlu 
of  the  galvanometer  to  be  considerably  deviated ;  on  touching  the 
same  face  with  a  cold  body,  deviation  takes  place  in  the  contrary 
directioa   Melloni  employed  the  thermo-electric  pile  for  the  measure- 
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mcnt  of  tlie  refiectiiig  powers  of  different  bodies,  in  the  following 


At  A  (Fig.  311)  a  Locatelli  lamp,  which  is  a  beat-source  of 
constant  intensity,  was  placed ;  b  and  c  are  two  screens,  one  entirely 
opaque,  the  other  having  an  aperture  or  diaphragm,  thus  allowing 
heat-rays  from  the  lamp  tu  pass  through  it,  when  the  screen  b  is 
removed. 

On  the  stand  d,  a  plate  of  tbe  reflecting  substance  to  be  examined 
is  placed,  and  at  e  is  the  thermo-electric  pile,  moving  on  a  scale  h  h', 
which  can  be  moved  round  the  point  H,  so  that  the  face  of  the  pile 
can  be  placed  in  the  direction  of  the  reflected  caloriflc  rays.  Before 
placing  the  plate  on  its  stand,  the  scale  is  turned  round  the  point 


H,  and  placed  in  a  line  with  the  scale  which  supports  the  pieces 
A,  B,  c.  The  screen  n  is  then  lowered,  and  the  deviation  of  the  needle 
of  the  galvanometer  is  measured,  whicli  gives  the  intensity  of  a  ray 
of  heat  radiated  directly  from  the  lamp  to  the  pile,  at  a  distance 
equal  to  tlie  total  lengths  of  the  scales.  When  tlie  first  measure- 
ment has  been  effected,  a  second  is  made  in  order  to  give  the  intensity 
of  the  reflected  ray,  and  for  this  purpose  the  different  parts  of  the 
apparatus  are  jilaced  as  shown  in  the  figure,  the  reflecting  plate 
being  on  its  support,  and  the  pile  protected  from  direct  radiation 
by  iii(.-aHs  of  a  large  .si.T"C'n.  On  lowering  the  screen  B,  tlie  rays 
eniauiitiiig  from  the  .smivee  iitll  mi  the  plate,  are  there  reflected,  and 
strike  a,:;aii]sl   thu  tiu'i-  of  ihc  pilr,  ^il'lrr  liaviii^  traversed  the  paiiif' 
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distance  as  the  direct  rays  did  in  the  first  experiment.  The  needle  of 
the  galvanometer  is  deviated  to  a  certain  extent,  and  the  relationship 
of  the  two  deviations  gives  the  reflecting  power  of  the  substance. 

MM.  La  Provostaye  and  Desains  have  continued  Melloni*s  re- 
searches, and  experimented  on  a  great  number  of  substances;  they 
have  measured  their  reflecting  powers  under  different  incidences, 
varying  the  natures  of  the  source  of  heat.  They  have  discovered  that 
with  any  one  body  the  reflecting  power  remains  nearly  constant,  from 
the  normal  incidence  to  an  incidence  of  30";  but  afterwards  it 
increases  rapidly,  in  proportion  as  the  angle  of  incidence  increases. 
The  reflecting  powers  of  metals  remain  nearly  constant  for  each  of 
them,  in  whatever  manner  their  surfaces  have  been  worked,  pro- 
vided that  the  degree  of  polish  is  the  same.  If  the  intensity  of 
the  incident  ray  of  heat  be  represented  by  100,  tliat  of  the  reflected 
ray  is  given  by  tlie  following  numbers,  which  refer  to  an  incidenc« 
of  50° :— 

Reflecting  iK>w«'r«.         Ha«liatiiig  powi-is. 

Polished  silver      ...  1)7 3 

Gold 1^') :i 

Red  copper      ....  J):J 7 

Polished  brass      .     .     .  li:j 7 

Platinum 83 17 

Steel 83 17 

Glass 10 !M) 

I^nip- black      ....  0 Km) 

By  comparing  these  numbers  with  those  which  measure  the 
radiating  or  emissive  powers  of  the  same  substances,  shown  in  the 
second  column,  we  find  a  jiroof  of  what  lias  been  before  stated, 
viz.  that  the  radiating  and  absorbing  powers  of  a  body  must  be 
equal;  for  the  radiating,  like  the  absorbing,  power  is  the  com- 
plement of  the  reflecting  power,  at  least  for  bodies  which  are  not 
transparent  to  radiant  heat,  and  if  we  make  due  allowance  for  the 
diffused  heat. 

Polished  metals  possess  the  greatest  amount  of  reflecting  power ; 
when  their  surfaces  are  unburnished  or  rough,  the  heat-rays  are 
reflected  in  every  direction,  and  the  proportion  of  heat  reflected 
in  a  regular  manner  diminishes  considerably  as  the  proportion  of 
diffused  heat  increases.  This  phenomenon  is  analogous  to  that 
observed  undi-r  the  same  conditions  in  tlic  ca.«^e  of  light. 
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rstiu  \M^AH  4^^:r.*t^A,  the  nhv/r*AmQ  jkw^d  of  br>ii«di :  tLu  u  to  «aj, 
iIm;  ychy^TM^  fA  b^at  HKitsXfA  hom  a  cxicmunt  s^jviiGe  vLkh  eosiss 
tiMm  ^id  niik^  tr>;ir  U:miieTataT^  Tbqr  fotjui  that,  in  dus  psspacctr 
tlM;  orrfer  f^  ';U.^ilica£&>o  of  tbe  rahoai  3abstauM%9  u  rhe  same 
«  if  tbfy  had  l^^^  arraog*^  accordix^  to  their  emiaaTe  powers ; 
a  rwait  which  confirm.),  to  a  certain  extent,  the  eqiialirj  of  these 
two  y/wer%  proT^  br  t^ie  Rsk^^aing  adopts  in  the  case  of  er|iiiii' 
\mntn  of  temp^irratizre.  We  owe  to  L^iie  the  experimental  deCermi- 
nation  of  the  Uf^  tPut  ^jO^I  refle^^tor^  of  heat  are  bad  radiators. 

What  }iax  been  aptljr  termed  the  Tk^y/ry  of  RahamyA  of  radiant 
heat, — a  \fn.wAi  hi  the  ^abject  which  ha^  been  investigated  br  Prerost, 
iVjTOj^tajre,  htSi^itiA,  Ikdffjur  Stewart,  and  Kirchhoff, — may  be  stated 
M  foll//w»: — 

L  If  an  enclosure  t^  kept  at  a  uniform  temperatore,  any  sab- 
Htance  in  it  will  at  la^tt  attain  that  temperatore. 

ir  All  Wiies  are  con.«tantly  giving  oat  radiant  heat  indepen- 
dently of  the  temperature  of  the  bodies  which  surround 
th*;ni. 

( I  (,  Thereforrr,  when  a  body  is  kept  at  a  uniform  temperature, 
it  n:ceives  back  as  much  heat  as  it  gives  out,  t^.  its 
alij^irj^ion  i*i  equal  to  its  nuliation. 

This  theory  not  only  applies  to  the  quantity  of  heat  but  to  its  quality. 
That  is,  it  holds  gf^A  not  only  in  the  case  of  dark  rays,  but  to  par- 
ticular rav/i  ]fff:hUA  in  a  particular  part  of  the  spectrum  of  a  body 
visibly  luminous,  as  the  spectrum  of  the  light  emitted  by  such  a 
liody  is  built  up  of  IxAh  heat-rays  and  light-rays,  as  we  have  seen. 

Ih'Aifji  to  these  statements  we  must  now  add,  according  to  the 
researchf^  of  i/alfour  Stewart  and  Kirchhoff: — 

IV,  iVxIies  when  cold  absorb  the  same  rays  which  they  give 
out  when  hot. 

It  will  Ix;  seen  that  this  is  the  same  statement  which  we  have 
alrwuly  rnrulo  concerning  light ;  it  is  in  fact  the  basis  of  spectrum 
arialyniH. 

Tli^;  \ui\\if:ii(i(i  of  colour  on  tlifi  a]>sorption  of  heat-rays  has 
]>('f'U   shown   \>y   Franklin's  ^-xiierirnents.      This  illustrious  physicist 
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placed  pieces  of  differently  coloured  stuffs  on  the  snow,  and  left  them 
for  some  time  exposed  to  solar  heat ;  they  absorbed  the  heat-rays, 
became  warm,  melted  the  snow  beneath  them,  and  thus  sank  to 
various  depths,  and  deeper  in  proportion  as  the  colour  was  darker. 
From  this  result  it  was  tlionght  that  bodies  of  light  colours  are  bad 
absorbers,  and  this  again  justified  the  supposed  identity  of  rays  of 
light  and  rays  of  heat.  But  Tyndall  has  recently  proved  that  this 
conclusion  is  not  quite  exact.  According  to  this  physicist,  the  nature 
of  the  source  of  heat  must  be  taken  into  account ;  obscure  heat-rays 
are  not '  affected  in  the  same  way  as  luminous  heat-rays.  Tlie 
diathermanous  power  of  substances  must  also  be  considered.  Thus, 
having  taken  two  cards,  one  covered  with  white  powdered  alum 
and  the  other  with  black  powdered  iodine,  and  having  exposed  both 
to  the  fire,  he  found  that  the  iodized  card  scarcely  warmed  at  all, 
while  the  card  covered  with  alum  became  extremely  warm ;  he 
explains  this  difference  by  the  diathermanous  property  which 
iodine  possesses  to  such  a  high  degree;  the  radiant  heat  pene- 
trates the  powder  and  is  reflected  on  the  limiting  surface  of  the 
molecules,  without  being  absorbed  by  them.  Moreover,  a  piece  of 
amorphous,  and  almost  black,  phosphorus,  placed  at  the  focus  of  the 
electric  light,  cannot  be  ignited,  whilst  the  same  arrangement  nearly 
instantaneously  raises  platinum  to  a  white  heat.  Tyndall  attributed 
this  curious  effect  to  the  diathermancy  of  the  phosphorus. 

This  last  property,  possessed  by  certain  substances,  in  virtue  of 
which  they  can  be  traversed  by  heat-rays  without  absorbing  them,  in 
other  words  without  their  temperature  being  raised,  exists  in  the  most 
marked  manner  in  rock-salt.  Of  1,000  rays  which  reach  the  surface 
of  a  plate  of  this  substance,  923  are  transmitted ;  the  77  rays  which 
do  not  pass  are  reflected  from  the  two  faces  of  the  plate;  consequently, 
there  is  no  absorption.  This  remarkable  result,  discovered  by  Mel- 
loni,  remains  the  same,  whatever  may  be  the  nature  of  the  heat-rays, 
whether  luminous  or  obscure. 

Alum  and  glass  are  only  diathermanous  as  regards  the  radiations 
of  luminous  heat ;  they  arrest  rays  of  obscure  heat :  this  is  also  the 
case  with  Iceland  spar,  rock-crystal,  and  ice.  The  thickness  of 
the  plates  has  an  influence  on  the  absorption  as  on  the  trans- 
mission of  heat-rays ;  but  this  influence  does  not  increase  in  pro- 
portion to   the   thickness.      Thus  of    100   rays   which    reach    two 
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diatbennaoom  nirfac«s,  one  bavin;;  double  the  thickness  of  the 
other,  62  rays  pass  through  tbe  thinner,  and  58  through  the 
other;  a  plate  qnadmple  the  thickness  of  the  first  allows  55  ravs 
to  pas-t. 


— McUuDi'A  Apptntu  for  ftaOMiuriBC  tbe  dttthenujioiu  poi 


Tbe  comparison  of  the  diathermanous  powers  of  different  sub- 
stances is  made  by  means  of  Melloni's  apparatus,  arranged  as  in 
Fig.  312.     A  plate  of  the  substance  tbe  diathermanous  power  of 


wliich  is  t<i  \f  iiieasiirt'll,  in  supported  oii  a  stand  n.  The  tliLTiiiD- 
t^r-ctric  ]iilc  i,s  placed  ut  v.,  in  the  direction  of  the  rays  of  hciit  whicli 
Inivtri-se  tbf  a|icrturp  nwlc  in  tbe  scret'n  r.     Tlic  deviation  of  tlif 
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ueedle  of  the  galvanometer,  produced  by  the  direct  rays  without 
the  interposition  of  the  plate,  is  first  ascertained ;  the  plate  is  then 
placed  on  its  stand,  and  the  deviation  produced  by  the  same  rays 
traversing  the  plate  is  noted.  The  relation  of  these  two  deviations 
gives  the  diathermanous  power  of  the  substance. 

To  study  the  influence  of  the  nature  of  the  heat-source,  Melloni 
substituted  in  place  of  Locatelli's  lamp  a  cube  of  boiling  water 
a  plate  of  blackened  copper,  or  an  incandescent  spiral  of  platinum. 
These  different  heat-sources  are  represented  in  Figs.  313,  314, 
and  315.  In  the  experiments  he  made  on  this  subject,  Melloni  took 
care,  in  order  to  compare  the  results,  to  place  these  different  sources 
at  such  distances  from  the  pile,  that  the  direct  rays  of  heat  produced 
the  same  deviations  on  the  needle  of  the  galvanometer. 

The  following  table  shows  the  influence  of  the  natui-e  of  the 
source  of  heat  on  the  transmission  or  on  the  diathermanous  power 
of  different  substances : — 


I^xyitelli'M 
lamp. 

Cube  of  water 
at  100° 

Copper 
at4«<r. 

Incaudesceut 
platinum. 

Direct  radiation 

.      .      100      . 

.     100 

100 

.      .      100 

Rock-salt   .     .     . 

.      .        92      . 

92 

92 

.      .        92 

Iceland  s])ar    .     . 

.     .       39     . 

.       28 

6 

0 

Glass      .     .     .     . 

.     .       39     . 

24 

(3     . 

.      .           0 

Rock-crystal    .     . 

.     .       37     . 

28 

0     . 

.      .           0 

Alum     .     .     .     . 

9     . 

2 

0 

0 

Ice 

(J     . 

0 

0 

0 

From  these  experiments  we  conclude  that,  as  there  are  different 
rays  of  light,  so  also  there  are  different  rays  of  heat  which  bodies 
absorb  and  transmit  in  different  proportions,  nearly  in  the  same  way 
as  transparent  bodies  absorb  some  colours  and  allow  others  to  pass. 
Speaking  of  this  property,  Melloni  used  the  word  thiirmochroism, 
derived  from  two  words,  the  first  signifying  heat  and  the  second 
colour. 

In  terminating  the  foregoing  remarks  concerning  radiant  heat, 
we  may  enunciate  the  following  law  relating  to  the  decrease  of  in- 
tensity with  an  increase  of  distance.  As  with  light,  the  intensity 
of  radiant  heat  varies  inversely  as  the  square  of  the  distance.  A 
very  simple  experiment,  which  we  have  borrowed  from  Tyndall's 
work  on  Heat,  proves  the  truth  of  this  law,  which  may  be  deduced 
by  calculation. 


476 


PHYSICAL  PHENOMENA. 


[book  IV. 


One  face  of  the  tbenno-electric  pile  is  furnished  with  a  cone 
which  limits  the  dimensions  of  the  sheaf  of  heat-rnys,  and  which, 
covered  on  the  inside  with  black  paper,  can  only  reflect  the  heat 
which  falla  obliquely  on  its  inner  surface.  For  the  source  of  radiant 
heat,  a  tin  vesael  filled  mth  boiling  water  is  used,  one  face  of  which 
ia  covered  with  lamp-black;  this  surface  we  use  to  prove  the  law, 
by  radiation  towards  the  pile.  Tha  pile  furnished  with  its  cone 
is  placed  opposite  the  vessel,  at  a  given  distance  so  (Fig.  310); 
the  needle  of  the  galvanometer  is  deviated  to  a  certain  extent ;  the 
pile  is  then  removed  to  double  the  distance  s'  o ;  the  position  of 
the  needle  of  the  galvanometer  remains  constant ;  and  this  is  the 
case  for  any  other  distance.     For  each  of  these  positionSj  the  total 


I 


nalty  at  ndiut  h«a1 


effect  of  radiation  is  therefore  the  same ;  but  the  parts  of  the 
surface  of  the  vessel  which  send  out  rays  of  heat  into  the  cone 
are  greater  and  greater ;  these  are  circles  whose  diameters  A  B,  a'  b, 
increase  in  proportion  to  the  distance  of  the  pile  from  the  vessel, 
and  whose  surfaces  from  that  time  continue  to  increase  as  the 
squares  of  these  same  distances.  It  is  therefore  necessary  that  the 
intensity  of  radiation  diminishes  in  the  ratio  of  these  same  squares, 
in  order  that  the  effect  produced  on  the  pile  may  remain  constant. 
In  a  word,  the  augmentation  of  the  efficacious  radiating  surface  is 
exactly  compensated  for  by  the  diminution  of  the  intensity  with  the 
distance ;  it  is  thus  that  the  law  has  been  proved. 
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CHAPTER  V. 

TRANSMISSION  OF  HEAT  BY  CONDUCTION. 

Slow  transmission  of  heat  in  the  interior  of  bodies — Unequal  conductivity  of 
solids — Conductivity  of  metals,  crystals,  and  non-homogeneous  bodies — Pro- 
pagation of  heat  in  liquids  and  gases ;  it  is  principally  effected  by  transport 
or  convection — Slight  conductivity  of  liquid  and  gaseous  bodies. 

IITE  have  already  seen  that,  if  we  hold  a  bar  of  iron,  one  end  of 
'  *  which  is  placed  in  the  fire,  in  the  hand,  the  heat  of  the  fire 
is  communicated  to  the  metal,  and  is  transmitted  from  molecule 
to  molecule  along  the  bar ;  after  a  short  time,  the  temperature  rises 
so  high  that  it  commences  to  bum  our  hand,  and  obliges  us  to  remove 
it  from  the  bar.  If,  instead  of  being  iron,  the  bar,  still  of  the  same 
diameter  and  length,  is  of  another  metal,  a  similar  effect  would  be 
produced ;  but  we  observe  that  the  length  of  time  which  the  heat 
takes  to  travel  along  the  bar,  and  to  heat  it  at  any  given  distance 
from  the  end  to  the  same  temperature,  varies  with  the  nature  of  the 
bar.  The  following  simple  experiment  will  prove  the  difference 
which  we  have  pointed  out:— 

Let  us  take  two  bars  of  equal  dimensions,  one  of  copper,  the 
other  of  iron,  and  fix  small  balls  of  wood  by  means  of  wax  at  equal 
distances  from  the  extremities  of  each ;  now,  if  we  place  the  bars  end 
to  end  and  heat  the  extremities  in  contact  by  means  of  the  flame  of  a 
spirit-lamp  placed  at  the  point  of  junction,  we  shall  see  the  balls 
fall  one  after  the  other,  as  the  wax  is  melted  by  the  heat  which  is 
transmitted  by  means  of  conduction  along  each  of  the  bars.  But  at 
the  end  of  a  certain  time,  the  number  of  balls  which  have  fallen  hom 
the  copper  bar  will  be  found  to  be  greater  than  the  nnmber  of  balls 
wliich  have  fallen  from  the  iron  bar.     Moreover,  two  balls  situated  at 
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the  same  distance  from  the  source  of  heat  but  on  different  bai-s,  do 
not  fall  at  the  same  instant. 

We  will  for  the  present  leave  the  consideration  of  the  rapidity 
with  which  heat  is  transmitted  along  each  bar,  and  study  the  first 
effect,  viz.  the  comparative  distance  at  which  a  certain  degree  of 
temperature  (here  it  is  that  of  the  fusion  of  wax)  can  be  most  quickly 


r-.^i 


K'!^n 


9  9  9 


Fio.  317.— Unequal  conductivities  of  copper  and  iron. 

attained  by  the  two  metals.  Copper,  in  which  we  have  found  this 
distance  to  be  first  attained,  is  said  to  be  a  better  conductor  of  heat 
than  iron. 


Fio.  318.— Ingenhoaz'  apparatus  for  measuring  conducting  powers. 


Fig.  318  represents  an  apparatus  invented  by  Ingenhouz  and 
modified  by  Gay-Lussac,  which  is  used  to  compare  the  conducting 
powers  of  solids.  Cylindrical  rods  of  each  of  the  substances  to  be 
compared  are  covered  with  layers  of  wax  of  equal  thickness,  and  are 
placed  horizontally,  so  that  one  of  their  extremities  is  immersed  in 
a  bath  of  oil  or  boiling  water,  while  the  other  passes  through  the 
sides  of  the  vessel  which  contains  the  liquid.  The  heat  of  the  liquid 
is  transmitted  along  each  rod,  and  melts  the  wax  at  distances  which 
are  greater  as  the  conductivity  of  the  su])stance  increases.  Otiier 
processes  have  been  devised  for  tlio  measurement  of  the  conducting 
powers  of  solids ;  but  the  one  we  have  just  described  is  sufliicient 
to  show  how  different  bodies  can  be  arrangod  in  tlie  order  of  their 
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conductivity.     The  following  is  the  order  and  degree  of  conductivity 
of  the  principal  metals  : — 

Silver 1,000       '       Iron 119 

Copper 770              Steel 116 

Gold 532              Lead 85 

Brass 236              Platinum 84 


Zinc 190 

Tin 145 


Palladium 63 

Bismuth 18 


Of  all  solid  bodies  metals  are  the  best  conductors  of  heat,  always 
excepting  bismuth.  Stone,  glass,  and  marble  are  much  less  so  than 
metals  ;  lastly,  wood-charcoal  prepared  at  a  low  temperature,  that  is  to 
say  not  calcined,  and  organic  substances  generally,  pulpy  fruits  and 
plants,  and  the  tissues  of  animals  and  vegetables,  are  bad  conductors. 
The  preceding  numbers  indicate  the  great  difference  in  the  conduc- 
tivities of  metals.  This  difference  may  be  illustrated  in  a  very  simple 
way,  by  plunging  two  spoons,  one  of  German  silver  and  the  other 
of  pure  silver,  into  the  same  vessel  of  hot  water.  After  a  little  time 
the  free  end  of  the  silver  spoon  is  found  to  be  much  hotter  than  that 
of  its  neighbour ;  and  if  pieces  of  phosphorus  be  placed  on  the  ends 
of  the  spoons,  that  on  the  silver  will  fuse  and  ignite  in  a  very  short 
time,  while  the  heat  transmitted  through  the  other  spoon  will  never 
reacli  an  intensity  sufficient  to  ignite  the  phosphorus. 

The  reason  of  this  is  accounted  for  by  the  difference  between 
the  conducting  power  of  the  silver  and  that  of  the  German  silver ; 
for  the  first  is  represented  by  1,000,  the  second  by  60.  The  follow- 
ing experiment  demonstrates  that  the  conductibility  of  a  substance 
does  not  depend  on  the  rapidity  with  which  heat  is  transmitted 
tlirough  its  interior.  Two  short  cylinders  of  the  same  volume,  one 
of  iron,  i\w  other  of  bismuth,  have  each  one  of  their  extremities 
coated  with  white  wax ;  they  are  then  placed  on  the  cover  of 
a  vessel  filled  with  hot  water,  their  waxed  ends  being  uppermost. 
The  heat  of  the  vessel  is  transmitted  through  each  cylinder,  and 
the  wax  on  both  will  melt ;  but  that  which  covers  the  bismuth  will 
melt  first.  Nevertheless,  the  conductivity  of  bismuth,  according 
to  the  foregoing  table,  is  six  times  less  than  that  of  iron.  What 
therefore  can  be  the  reason  of  the  phenomenon  described  ?  It  is 
due  to  the  fact,  that  to  raise  the  two  metals  of  the  same  weight  to 
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the  same  temperature,  about  four  times  more  heat  is  required  for  iron 
th&n  for  bismuth  ;  the  heat  received  by  the  iron  is  therefore  in  great 
part  expended  in  raising  its  temperature,  and  this  explains  the 
relative  slovmess  with  which  the 
transmission  through  its  mass  takes 
place.  To  rightly  observe  the  dif- 
ference between  the  conducting 
powers  of  iron  and  bismuth,  it  is 
necessary  to  take  two  bars  of  the 
same  diameter,  to  measure  the  dis- 
tances from  the  source  of  heat  of 
the  points  which  possess  the  same 
temperature  at  the  moment  of 
equilibrium,  and  to  take  the  squares 
of  the  numbers  which  measure 
these  distances,  which  will  give  the 
relative  conducting  powers. 
The  forgoing  remarks  refer  to  homogeneous  bodies.  In  solids 
whose  structure  is  not  the  same  in  every  direction — for  example, 
doubly  refracting  crystals,  Iceland  spar,  quartz,  &c. — the  conductivity 
varies  with  the  direction  of  transmission  of 
the  heat.  There  is  a  complete  analogy  be- 
tween the  mode  in  which  heat  is  propagated  [ 
in  these  bodies,  and  that  which  relates  to  the  | 
movement  of  light.  Thus,  let  us  take  two  j 
plates  of  quartz,  one  cut  parallel  and  the  | 
other  perpendiciilar  to  the  optic  axis;  coat  ' 
both  of  the  sections  with  wax,  and  pierce  them 
with  a  hole,  through  which  a  wire  heated  by  * 
an  electric  current  is  passed :  on  passing  the 
current  we  observe  that  the  wax  melts  around  the  wire ;  but  whilst 
the  stratum  limiting  the  melted  wax  is  an  ellipse  in  tlie  first  plate, 
in  the  second  it  is  a  perfect  circle  (Fig.  320),  which  proves  the 
unequal  conductivity  in  the  two  directions.  The  conductivity  of 
wood  is  greatest  in  the  direction  of  the  fibres,  and  much  less  in 
a  direction  perpencUcular  to  this. 

The  unequal  conductivity  of  different  solids  is  utilized  iu  niiiuy 
ways.     Tools  and  metal  utensils,  width  require  to  bi'  submitted  to  n 
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high  temperature,  are  furnished  with  non-conducting  liandles — of  wood 
or  ivory,  for  instance — which  almost  entirely  stop  the  transmission  of 
heat  Cotton,  silk,  and  especially  woollen  fabrics,  are  bad  conductors  ; 
they  are  therefore  useful  for  preserving  the  body  from  excessive  heat 
or  cold.  In  summer,  they  prevent  the  exterior  heat  from  penetrating 
to  our  bodies ;  and  in  winter,  on  the  contmry,  the  heat  of  the  body 
is  retained  on  account  of  the  difficulty  of  its  transmission  through 
thick  clothes.  Moreover,  it  is  not  alone  the  substance  of  which  they 
are  composed  which  gives  this  property  to  the  fabric,  for  the  mode 
of  manufacture  also  influences  it.  Between  the  threads,  air  is  inter- 
posed, which  remains  at  rest,  and,  like  all  gases  in  a  state  of  rest,  it 
conducts  lieat  very  badly ;  heat  therefore  passes  with  great  difficulty 
through  the  fabric.  Eider  down  preser\'es  heat  much  better  than  a 
closely  made  and  heavier  woollen  coverlet  would  do. 

We  might  multiply  these  examples  to  any  extent,  but  will  confine 
ourselves  to  two  or  three  curious  experiments  based  on  the  differences 
of  ccmductivity  of  solids.  A  metal  ball  is  tightly  wrapped  up  in  fine 
cloth,  in  such  a  manner  that  the  contact  is  close;  we  then  take  a 
coal  from  the  fire  and  place  it  on  the  ball  thus  enveloped,  the  fabric 
remains  intact ;  and  if,  to  increase  its  combustion,  the  coal  is  blown 
upon,  the  cloth  is  not  burnt.  The  reason  of  this  is  that  the  heat 
received  by  the  linen  is  immediately  monc)poli;?ed  by  the  good- 
conducting  metal,  and  disseminated  through  its  mass. 

If  before  lighting  a  gas-lamp  a  piece  of  fine  wire-gauze  is  placed 
above  the  jet,  and  the  gas  then  turned  on,  it  will  spread  l)elow 
and  above  the  gauze.  If  it  is  lighted  underneath,  the  combustion 
remains  confined  to  the  lower  part  of  the  jet  of  gas ;  if,  on  the 
contrary,  it  is  lighted  above,  the  ui)per  part  of  the  jet  will  alone 
continue  to  burn  (Fig.  321).  In  both  instances,  the  interposition  of 
the  wire-gauze  is  sufficient  to  limit  the  combustion,  and  the  reason  is 
obvious  :  the  meshes  of  the  gauze  form  an  excellent  conductor  of  the 
heat  devel()])ed,  which  spreads  rapidly  over  the  wire,  and  does  not 
allow  the  flame  a  sufficiently  high  tempeniture  for  its  existence  on 
the  other  side  of  the  gauze.  An  important  application  of  this  pro- 
perty of  metallic  gauzes  exists  in  Davy's  i^fifHy  laoips,  which  are 
used  by  miners.  The  metallic  netting  which  envelo[)es  the  light 
prevents  the  ignition  and  explosion  of  the  lire-damp, — a  dangerous 
gas  which  escapes  plentifully  into  coal-pits. 

1  1 
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Asbestos  and  amianthus  are  two  silky  mineral  substances,  noted 
for  their  incombustibility.  They  are  very  bad  conductors  of  heat,  and 
with  a  glove  of  amianthus  a  red-hot  ball  may  be  held  in  the  hand 
without  danger  of  burning.  In  this  instance,  the  heat  cannot  be 
transmitted,  it  is  intercepted ;  in  the  preceding  example  it  is,  on  the 
contrary,  rapidly  absorbed ;  in  both  cases  its  transmission  by  means 
of  conduction  is  limited. 

The  experiments  which  have  been  made  in  order  to  measure  the 
conductivity  of  liquids  and  gases  prove  that  it  is  very  slight  Never- 
theless, heat  is  transmitted  with  some  rapidity  through  these  media; 
it  is,  however,  transmitted  not  by  condiictum  but  by  convection,  that  is  to 
say,  by  direct  transport  of  the  heated  parts.  Tlie  cause  of  these  move- 
ments may  be  easily  understood  ;  when  a  liquid  is  heated,  its  density 


Flu.  321.— Proi)crty  of  metallic  gauze ;  obstacle  which  it  opix>fte8  to  the  propagation  of  hea  t 

diminishes ;  then,  as  a  consequence  of  the  principle  of  Archimedes, 
it  tends  to  rise  and  to  displace  the  denser  strata  above  it.  This 
happens,  when  a  liquid  is  heated  at  the  bottom  of  the  vessel  which 
contains  it ;  if  the  liquid  is  heated  laterally,  the  currents  which  are 
established  start  only  from  the  sides,  instead  of  starting  from  all  parts 
of  the  bottom  of  the  vessel ;  the  heating  in  this  case  is  much  less 
rapid.  The  existence  of  currents  is  easily  proved,  if  a  material  of 
the  same  density  as  the  liquid  is  mixed  with  it,  such,  for  example, 
as  sawdust.  This  remains  suspended  in  water,  and  on  heating 
the  vessel  the  movement  of  the  particles  can  be  traced  from  top  to 
bottom  and  from  bottom  to  top,  proving  the  existence  of  currents: 
tlie  ascending  cuneiits  proceed  from  the  lieated  i)arts,  wliicli  rise^ 
wliile  tlie  descending  currents  are  due  to  tlie  denser  ])jirts,  wliicli  take 
the  ])ljice  of  the  first.  Heat  is  therefore  dillused  through  the  whole 
liquid,  and  is  thus  traiisinitt(?d. 
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Nevertheless,  li(iuids  possess  some  actual  conductivity,  as  has 
been  proved  by  M.  Despretz,  who  lieaU^d  from  above  a  liijuid  con- 
tained in  a  cylindrical  vessel.  Twelve  thermometijrs,  the  bulbs  of 
which  were  placed  at  different  heights  in  the  liquid,  with  their  stems 
outside,  indicated  decreasing  temperatures  from  the  U])per  strata 
to  the  middle  of  the  vessel,  which  was  a  metre  in  height ;  the  six 
lower  thermometers  did  not  rise  perceptibly.  Tlie  conductivity  of 
liquids  is  thus  established,  but,  as.  before  stated,  it  is  very  slight. 

The  conductivity  of  gases  cannot  be  established  ;  all  that  we  know 
is,  that  they  are  certainly  very  bad  conductors  of  heat.  Gaseous  masses 
are  heated  like  liquid  masses,  by  transport  or  convection :  in  virtue 
of  their  great  dilatability,  as  soon  as  a  portion  of  a  gaseous  mass 
is  heated,  either  by  radiation  or  contact,  its  volume  increases,  and 
movements,  which  quickly  heat  the  different  strata,  result.  The  heat 
is  thus  conveyed  as  in  liquids,  but  with  still  greater  rapidity.  Again, 
if  the  movements  of  which  we  speak  are  confined  by  enclosing  the  gas 
in  tlie  interstices  existing  between  thin  pieces  of  fibrous  substances, 
like  cotton,  wool,  unspun  silk,  down,  &c.,  the  gas  acquires  heat  with 
difficulty,  as  has  been  i)roved  by  many  experiments  of  Thomson. 
We  have  already  seen  that  it  is  partly  owing  to  the  fact  of  gases 
being  bad  conductors  of  heat  when  at  rest,  that  clothes  preserve  the 
body  from  losing  heat  during  cold  weather. 


I  I  L' 
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CIIAPTEH  VI. 

CALOUIMETRV. — SPECIFIC    HEAT   OF   BODIES. 

Definition  of  a  unit  of  heiit — Heat  alworbed  or  db»en;^<iged  by  bodies  during  vari- 
ations in  tlieir  temperature — S|>et'ific  ln'at  of  solids — Latent  heat  of  fusion — 
Ice-calorimeter— Latent  heat  of  vaporization  of  water. 

TXTHEN  a  body  is  heated  or  cooled  through  a  certain  number  of 
' '  degrees,  we  say  that  it  gains  or  loses  a  certain  quantity  of  lieat ; 
but  the  thermometer  which  shows  us  these  variations  indicates  nothing 
as  to  the  value  of  this  quantity:  we  must  not  therefore  give  the  precise 
etymological  sense  to  the  word  thermometer.  The  thermometer 
measures  temperatures,  not  quantities  of  heat.  We  shall  find,  indeed, 
that  the  heat  necessary  to  raise  a  given  weight  of  a  body  through  a 
certain  number  of  degrees,  varies  with  the  nature  and  physical  condi- 
tion of  tlie  body ;  l>eyond  certain  limits  of  temi>erature,  it  varies  also 
for  the  same  substance. 

Before  proceeding  furtlier,  we  must  explain  what  is  meant  by 
qitarvtUy  of  heat.  We  know  nothing  of  the  intimate  nature  of  heat ; 
the  analogies  which  we  have  endeavoured  to  establish  between 
radiant  lieat  and  light,  have  induced  physicists  to  imagine  that 
calorific  phenomena,  like  luminous  phenomena,  are  produced  by 
the  vibrations  of  the  ether;  but  the  manner  in  which  these  vibra- 
tions, after  penetrating  into  tlie  interior  of  bodies,  produce  changes  of 
volume  and  condition,  is  a  question  which  science  has  not  yet  solved, 
and  which  has  only  been  answered  by  conjecture.  Nevertheless, 
researches  of  great  importance  have  placed  beyond  doubt  the  im- 
portant fact  that  heat  can  be  produced  by  mechanical  means,  and, 
conversely,  that  it  can  be  transformed  again  into  mechanical  work 
susceptible  ul  being  accurately  measured;  in  a  word,  that  lieat  can 
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be  assimilated  to  force  and  measured  like  other  physical  forces. 
We  shall  hereafter  endeavour  to  explain  what  is  understood  by  the 
mechanical  equivalent  of  heat. 

Without  passing  beyond  the  domain  of  heat  itself,  we  will  now 
state  how  it  is  possible  to  compare  the  quantities  of  lieat  wliich  are 
absorbed  or  disengaged  during  variations  in  the  temperature  as  well 
as  in  the  changes  of  condition  of  solid,  liquid,  and  gaseous  bodies. 
This  division  of  the  science  of  heiit  is  known  as  calorinictry. 

A  unit  of  heat,  or  calorie,  is  the  (juantity  of  heat  necessary  to  raise 
from  0*"  to  I''  centigrade  one  kilogramme  (in  England  one  pound)  of 
water.  It  is  evident  therefore  that,  if  a  certain  number  of  calories 
are  requisite  to  raise  the  temperature  of  the  unit  of  weight  a 
cei-tain  number  of  degrees,  2,  3,  4,  ...  .  more  would  be  required  to 
raise  the  temperature  the  same  number  of  degrees  of  a  weight  2,  3,  4 
times  greater.  Therefore  the  quantities  of  heat  are  proportional  to 
the  weights.  It  is  also  considered  as  established,  that  the  heat  requi- 
site to  raise  the  temperature  of  a  given  weight  through  a  certain 
numl)er  of  degrees,  is  equal  to  that  which  it  disengjiges  on  returning 
to  its  initial  temperature.  A  very  simple  experiment  also  proves  to 
us  that  the  quantity  of  heat  absorbed  during  a  certain  elevation  of 
temi)erature  is  perceptibly  constant,  whatever  may  be  the  initial 
temperature. 

Into  a  vessel  which  has  been  heated  to  25^  a  kilogramme  of 
water  at  0°  is  poured,  and  a  second  at  50°;  then,  after  having  rapidly 
stirred  the  mixture,  a  thermometer  on  being  plunged  into  it  shows 
the  temperature  of  the  mixture  to  be  25°.  Thus  the  heat,  transferred 
by  the  kilogramme  of  water  at  50^  to  the  kilogramme  at  0°,  raises  the 
tempercature  of  the  second  kilogramme  to  25° ;  at  the  same  time,  the 
loss  of  heat  undergone  by  the  first  has  lowered  its  temperature  from 
50°  to  25°.  Finally,  this  experiment  i)r()ves  that  the  heat  necessary 
to  raise  a  definite  weight  of  water  from  0°  to  25°,  would  raise  the 
same  weight  of  water  from  25 '  to  50°.  The  initial  temperature  has 
therefore  no  influence  on  the  quantity  of  heat  absorbed. 

This,  however,  is  only  true  within  certain  limits,  which  vary  with 
different  substances  :  thus,  two  kilogrammes  of  mercury,  one  at  200°, 
the  other  at  O"",  mixed  together,  give  two  kilogrammes  of  mercury,  not 
at  100°,  the  mean  temperature  between  the  two  extremes,  but  at 
102°'85,  a  higher  temperature  than  the  mean.     Beyond  100\  mercury 
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ahsorl/)  or  disen^a^fes  mr^re  beat  for  a  like  rariation  of  temperatiire 
than  b^low  1(Kj'',  Lastly,  a  tLird  experiment  *hov3  that  the  qaan- 
titles  of  heat  whic?t  we  have  jost  coaipared,  varii'  with  the  nature  of 
the  saf/^itances.  If  we  mix  separately  one  kil'^^/ramme  of  water  at 
CT'  with  a  -iirnilar  weijrht  of  mercury  or  essence  of  turpentine  at  1«»', 
or  place  in  it  a  kilogramme  of  eopper  at  10*>'',  a  gain  of  heat  for  the 
water  and  lo«»  for  the  other  suljstances  will,  as  in  the  previous 
ini^tince*),  re^^ult;  and  in  each  experiment  it  will  be  obnous  that  the 
gain  will  1^  equal  to  the  loss.  But  in  the  first  iastance  the  tempera- 
ture  of  the  mixture  will  be  3''-2,  in  the  second  30',  and  in  the  third 
case  8''0.  AVe  «ee  therefore  how  much  lieat  Ls  re«|uisite  to  produce 
the  same  variation  of  temperature  in  equal  weights  of  different  sub- 
stances. Tliis  is  explainer]  by  saying  that  every  substance  has  a 
eaJUrnJU,  eapficUy,  or  ffpteijut  hmt,  belonging  to  it,  and  specific  heat 
may  \ffi  defined  as  the  quantity  of  heat  which  is  necessary  to  raise 
the  temperature  of  a  kilogramme  (or  pound)  of  a  substance  from 
(f  to  1'.  Tliis  quantity  of  heat  is  expressed  in  calories  or  heat- 
units,  which  evidently  amounts  to  taking  for  unity  the  specific 
heat  of  water. 

Various  methods  have  Ijeen  employed  by  physicists  for  the 
measurement  of  the  specific  heat  of  solidSb  One  of  these — ^the 
method  of  mixtures — coasists  in  plunging  the  body,  the  tempera- 
ture of  which  is  known,  into  a  bath  of  water  or  any  other  liquid 
at  an  er^ually  fixed  temi)eraturc :  when  the  temperature  of  the 
mixture  has  l>ecome  stationary,  it  is  measured,  and,  by  a  simple 
calculation,^  the  relation  of  the  8j>ecific  heats  of  the  solid  and 
liquid  is  obtained.  This  method  is  applied  er^ually  to  liquids. 
Certain  ])recautions  are  taken  when  the  Ixxlies  placed  in  contact 
exercise  a  chemical  action  on  each  other ;  moreover,  the  heat  absorbed 
iiy  the  vessel  is  noted  by  the  thermometer  itself,  and  lastly  the  losses 
caused  by  nwliation.  Tlie  following  is  a  table  giving  the  specific  heats 
f»f  diffdjrent  solid,  liquid,  and  gaseous  bodies ;  it  proves  that  water  of 

*  TliiM  calculation  (roriKwU  in  solving'  an  C(|uation — the  first  iwirt  of  which 
cxpnfHHCM  the  <jii;intity  of  heat  lost  by  th«'  body,  and  consequently  transferred  to 
the  bjith  and  ve.ss<l  ;  tin*  secon<i  comprising  two  terms — the  tir^t,  the  heat  gained 
by  till*  liquid  ;  tli<*  nrond,  thr  heat  gained  by  the  vcsm-I  which  contains  it.  It  is 
evident  that,  putting  aside  tin*  (•xt<'rnal  nidiation  of  the  liquid  and  vessel,  the  loss 
and  the  jjaius  are  r(inqK*nsat<'d  :   hence  the  equation  and  solution  of  the  problem. 
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all  substances  (with  the  exception  of  hydrogen,  the  specific  lieat  of 
wliich  is  three  times  that  of  water)  absorbs  or  disengages  the  greatest 
(piantity  of  heat  for  equal  variations  of  temperature : — 

Subfltances.  Si>ecific  heat. 

Water I'OOO 

Hydrogen 3-21)4 

Essence  of  turpentine 0*426 

Air (>-207 

Sulphur 0-2()3 

(ilnas OliKS 

Iron 0-114 

('opper 00J)5 

Silver 0*057 

Tin 0*056 

Mercur}' 0*033 

Gold 0*032 

Platinum 0*032 

Lead 0-031 

Bismuth 0*031 

l^ut  we  must  not  forget  that  tliese  numbers  represent  the  (|uan- 
tities  of  heat  necessary  to  raise  equal  weights  of  these  l>odies  from 
0'  to  1°,  and  that  they  only  remain  constant  within  certain  limits 
of  temperature.  They  vary  but  little  from  0^  to  \W \  but  this  is 
no  longer  the  case  at  higher  temperatures.  The  specific  heat  of 
mcjrcurv,  for  instance,  wliich  is  0*033  within  these  limits,  becomes 
0*035  beyond  100°.  The  physical  condition  of  bodies  also  causes  tlie 
specific  heat  of  the  same  substance  to  vary  ;  in  the  solid  state  it  is  less 
than  in  the  liquid  state,  and  in  the  gaseous  state  it  regains  jKirceptibly 
the  value  which  it  had  in  the  solid  state :  thus  the  capacity  of  ice, 
which  is  nearly  equal  to  that  of  steam,  is  scarcely  hall  that  of 
water.  When  the  density  of  a  metal  is  increased,  by  hammering  foi 
example,  its  specific  heat  is  diminished.  This  explains,  to  a  certain 
extent,  a  result  deduced  from  the  preceding  table,  viz.  that  the 
densest  bodies  have  generally  the  smallest  capacity  for  heat. 

Dulong  and  Petit  discovered  a  remarkable  law,  which  has  been 
verified  by  M.  Eegnault  in  liis  beautiful  researches  on  the  si)ecific 
heats  of  bodies.  It  is  well  known  that  chemists  consider  simple 
l)odies  as  formed  of  irreducible  parts  or  atoms,  the  weight  of 
which  is  called  the  chemical  equivalent  of  the  body.  The  weight  of 
the   atom    of   hydrogen  being   taken  as  unity,  that  of  an  atom   of 


m^nrcHTV  i^  !<>•>.  fhsit  of  ^nlphur  I*'^  And  »o  on.  TLl^.  b^inir  -jrante*! 
Ir^  n<^  now  inr^nire  whiat  ''inantitj  of  h^at  will  ?.«  iiectr*:<ary  to  rai^e 
th^  t^mp^ratnre  of  an  %htxa  of  j»nlphiir  1':  and  what  liriantity  like- 
wi.-%e  will  fj*^  aW;r«i^I  Kj  an  atom  of  mercnrv  to  raise  it*  tempera- 
tare  v.  It  w  e'»i<^l^:nt  frr^m  the  foregoing,  that  we  mru^t  mn!ti{»ly 
the  weicrhf-*  100  and  \^»  of  each  atrim  bv  the  specific  heat  i»f 
the  simple  ?y>Iy  to  which  it  fjelinj.^  :  that  15  to  -av.  bv  <»ij:3.")  and 
h"2h?,:  tfie  pr^><lnctA  will  1/e  proportional  to  the  •{nantities  of  heat 
nrpn^^ht.  Now,  10«)  x  0  0:^:j  crivei?  33,  and  1»>  x  0:io3  gives  3  248: 
the  pro^lnct-s!  are  tha.-*  ^ri.^ihly  equal,  and  the  ^me  happ»ens  if  we 
take  any  other  two  simple  bodies.  Tlji.-*  law  may  be  enunciated  as 
follow.^  : — Tlie  .^ame  quantity  of  heat  is  ref|uireil  to  raise  the  tem- 
jieratnre  of  an  atom  of  any  simple  body  the  same  number  of  degrees; 
or,  a^'ain,  the  ntomi/'  ir/f^Afic  K^at  is  the  same  for  all  sulietances. 

We  have  .««een  that  the  sjiecific  heat  of  water  is  nearly  four  times 
greater  than  that  of  air;  thence  it  ffJlows  that  1,0<X>  kikigrammes 
of  water,  on  l^ein;^  cjyfA^X  1^  disengage  an  amf>unt  of  heat  sufficient 
t/i  rai.sie  the  temjierature  of  4,000  kilogrammes  of  air  V.  But 
4,000  kilogrammes  of  air  occupy,  under  the  normal  barometric 
prenflure  and  at  0',  a  volume  770  times  that  of  a  like  weight  of 
water;  that  is  to  say,  a  volume  of  3,080  cubic  metres:  the  con- 
sequences of  which  fact  are  thus  ejc plained  by  Tyndall  in  his  work 
on  Heat : — 

"The  vast  influence  which  the  ocean  must  exert,  as  a  moderator 
of  climate,  here  suggests  itself.  The  heat  of  summer  is  stored  up  in 
the  ocean,  and  slowly  given  out  during  the  winter ;  hence  one  cause 
of  the  absence  of  extremes  in  an  island  climate.  The  summer  of  the 
island  can  never  attain  the  fervid  heat  of  the  continental  summer,  nor 
can  the  winter  of  the  island  be  so  severe  as  the  continental  winter. 
In  various  i)arts  of  the  Continent,  fruits  grow  which  our  summers 
cannot  ripen ;  but  in  these  same  parts  our  evergreens  are  unknown  ; 
they  cannot  live  through  the  winter  cold.  Winter  in  Iceland  is, 
as  a  genr»ral  rule,  milder  than  in  Lombardy." 

In  fjuoting  these  remarks,  we  must  not  forget  that  the  particular 
facts  n'ljit^'d  by  Tyndall  do  not  df'])cnd  only  on  the  vicinity  of  the 
ocr-an  find  the  hi;jli  sjK'cilic  h(»at  of  watci-,  but  also  on  the  elevation 
of  teiiij.cratnre  in  Iceland  by  the  gicat  lukewarm  current  of  ^vater 
known  as  the  (iuH"  Stream. 
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111  describing  the  plieuomeua  of  fusion  of  solids,  and  tlie  vaporiza- 
tion of  liquids,  we  insisted  on  the  general  fact,  that  tfie  temperatures 
of  the  melting  and  of  the  boiling  point  are  fixed  for  each  body, 
independently  of  the  intensity  of  the  source  of  heat  which  determines 
the  result,  or  the  rapidity  witli  which  these  clianges  of  condition  are 
effected.  These  tem])eratures  are  the  same,  moreover,  as  tliose  of  the 
inverse  phenomena  of  solidification  of  liquids  and  liquefaction  of 
vapours.  Thus,  when  a  piece  of  ice  melts,  its  temperature  remains  con- 
stant at  0°,  and  all  the  heat  furnished  by  the  fire,  whatever  may  be  its 
intensity,  is  consumed  in  reducing  the  ice  to  tlie  litjuid  condition  and 
in  maintaining  this  condition.  We  have  liere,  therefore,  a  quantity 
of  heat  absorbed  by  a  body  which  does  not  mise  its  temperature,  and 
consequently  does  not  become  sensible  to  the  thermometer.  On  this 
account  it  is  called  latent  hrat.  It  is  the  latent  heat  of  fusion  or 
liquutUj/,  or,  better,  the  latent  heat  of  r/astlcitt/^  according  as  it  refers 
to  the  passage  from  the  solid  to  the  li(|uid  condition,  or  to  the  passage 
from  the  licjuid  to  the  gaseous  condition.  It  is  very  evident,  therefore, 
that  the  heat  which  is  al>s()rbed  in  these  two  instances  is  disengaged 
wlien  the  substance  returns  to  its  primitive  condition.  The  latent 
heat  of  different  substances  has  been  determined  by  methods 
analogous  to  those  which  are  employed  in  the  case  of  specific  heat. 
We  shall  confine  ourselves  here  to  the  results  obtained  in  the  melting 
of  m\  because  it  will  enable  us  to  describe  another  process  for 
determining  the  specific  heat  of  bodies. 

It  has  l>een  found  that  the  latent  heat  of  fusion  of  ice  is  71>*25 
calories;  that  is  to  say,  that  tlie  quantity  of  heat  absorbed  by  a  kilo- 
gramme of  ice  during  melting,  would  be  sufficient  to  raise  79*25 
kilogmmmes  of  water  from  0'  to  the  temperature  of  1^ ;  or  again, 
to  raise  a  kilogramme  of  water  from  0'  to  79 '25.  Therefore,  when 
a  kilogramme  of  ice  at  0°  is  melted  in  a  kilogramme  of  water  at 
7\y"2i),  the  two  kilogrammes  of  water  produced  possess  a  temperature 
of  0^.  The  knowledge  of  this  result  permits  the  determination  of  the 
S})ecific  heat  of  a  body  by  ascertaining  experimentally  the  weight  of 
the  ice  which  can  be  melted  by  lowering  its  own  temperature  to 
U\     The  following  is  the  process:— 

A  cavity  is  made  in  a  compact  and  homogeneous  block  of  ice,  the 
sides  of  which  are  carefully  dried  ;  a  piece  of  the  substance,  the  tem- 
perature of  which  is  above  0°,  whose  specific  heat  is  sought,  is  then  in- 
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Instead  of  ice  cavities,  tlie  ice  caloriniet<^r  invented  by  Laplace 
and  Lavoisier  may  be  pr(?ferably  employed.  Fig.  323  represents  it  in 
section  and  elevation.  It  is  an  instrument  formed  of  three  vessels, 
wliicli  are  placed  one  within  the  other,  while  the  spaces  between  them 
are  lilled  with  pounded  ice.  The  heated  body  is  placed  in  the  smallest 
vessel ;  during  cooling  it  melts  a  certain  amount  of  ice,  and  the  water 
is  collectiHl  by  a  stopcock  at  the  bottom  of  the  vessel.  The  ice 
between  the  two  outer  vessels  prevents  the  fusion,  by  external  heat, 
of  that  wliich  is  in  contact  with  the  heated  body. 

These  methods  do  not  give  very  exact  results ;  if  we  have  preferred 
them  to  more  perfect  methods,  it  is  because  our  aim  is  principally  to 
explain  the  possibility  of  measuring  quantities  of  heat.  Those  who 
desire  to  extend  their  knowledge  on  this  subject  must  have  recourse 
to  special  works,  among  which  we  may  mention  the  beautiful  Memoirs 
of  il.  Regnault  on  the  specific  heats  of  vapours  and  gases. 

A  kilogramme  of  water,  at  the  boiling-point,  or  100°,  requires  636 
calories  in  order  to  convert  it  into  steam.  During  the  condensation 
of  the  steam  thus  formed,  it  will  disengage  the  same  (luantity  of  heat ; 
the  application  of  steam  to  the  warming  of  buildings  is  based  on  this 
fact.  In  the  arts,  the  latent  heat  of  steam  is  also  employed  to  raise 
the  temperature  of  large  masses  of  lit^uid. 
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CHAPTER  VII. 

SOURCES     OF     HEAT. 

Solar  heat :  mejisure  of  its  intensity  at  the  surface  of  the  earth,  an<l  at  the  limits 
of  the  atmosphere ;  toUil  heat  radiated  by  the  sun — Temperature  of  space 
— Internal  heat  of  the  globe — Heat  disengaged  by  chemical  combinations; 
combustion — Heat  of  combustion  of  various  simple  bodies —Production  of 
high  temperatures  by  the  use  of  the  oxy hydrogen  blowpipe —Generation  of 
heat  by  mechanical  means :  friction,  jiercussion,  coini)res8ion. 

IT  follows  "from  our  foregoing  study  of  calorific  phenomena,  that 
two  or  more  lx)dies  when  in  the  presence  of  each  other  make 
a  mutual  and  continuous  exchange  of  heat,  either  by  radiation  at  a 
distance,  or  by  conduction.  From  this  point  of  view,  a  piece  of 
ice  at  0°  C.  is  a  source  of  heat  to  a  body  which  is  at  a  lower  tem- 
perature than  its  own. 

However,  in  general  language,  this  expression  "  source  of  heat,'*  or 
*'  heat-source,"  is  more  particularly  reserved  for  bodies  which  possess 
high  temperatures,  and  which  emit  in  a  continuous  manner  a  certain 
quantity  of  heat  for  a  limited  or  even  for  an  apparently  indefinite 
time.  Incandescent  solids  and  gases,  lire  and  flame,  are  sources  of 
heat  according  to  this  view :  in  the  same  category  may  be  placed 
bodies  which  emit  obscure  heat  at  a  high  temperature,  for  instance 
boiling  water. 

Lastly,  the  expression  "  source  of  heat "  is  also  given  to  the 
different  modes  of  production  of  heat :  in  this  sense,  friction,  per- 
cussion, electricity,  and  combustion — that  is  to  say,  certain  physical 
or  cheniiciil  actions— are  sources  of  beat.  Tlie  heat  which  organized 
and  livin<'  bodies  emit,  is  ol'  th«.*  same  order. 

Sometimes  sources  ol'lieat  are  classed  as  temporary  and  accidental, 
natural  and  artificial,  cosmical  and  terrej-trial  :  but   lliesc  (li>tinctions. 
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which  are  not  based  on  the  nature  of  tlie  heat-sources,  teach  us 
nothing  more  than  tliat  there  may  be  a  particuhir  study  of  each 
kind.  We  will  therefore  review  them  one  aft^r  the  other,  beginning 
with  the  sun,  the  most  important  of  all, — at  least  to  the  earth. 

The  appearance  presented  to  us  by  the  sun  is  probably  due 
to  an  enormous  layer  of  cloud  built  up  of  solid  or  liquid  incan- 
descent particles,  the  layer  being  surrounded  by  an  absorbing 
gaseous  atmosphere ;  as  is  proved  by  the  analysis  of  the  solar 
spectrum.  The  opinions  of  men  of  science  ai*e  divided  as  to  the 
nature  of  the  nucleus:  some  regard  it  as  an  incandescent  solid  or 
liquid,  others  as  a  gaseous  mass  likewise  incandescent.  We  know 
nothing  of  the  way  in  which  the  immense  amount  of  light  and  heat 
is  renewed  and  maintained :  it  radiates  in  every  direction  into 
space,  and  its  intensity  does  not  ai)pear  to  have  sensibly  varied 
for  thousands  of  years. 

The  intensity  of  the  solar  heat,  as  it  reaches  the  surface  of  the 
earth,  has  been  calculated  by  Sir  J.  Herschel  at  tlie  Cape  of  Good 
Hope,  and  M.  Pouillet  in  Taris.  The  instrument  used  by  the  latter 
for  this  determination,  which  he  called  the  pip'licliovictcr,  is  repre- 
sented in  Fig.  324.  At  the  upper  part  we  notice  a  very  thin 
silver  cylindrical  vessel,  the  face  of  which  is  turned  towards  the  sun 
and  is  covered  with  lamp-black ;  this  vessel  is  filled  with  water,  and 
the  temperature  of  the  liquid  is  indicated  by  a  thermomet^er  whose 
bulb  is  immersed  in  the  interior  of  the  cylmder,  and  whose  tube  is 
protected  by  a  brass  tube  pierced  longitudinally  with  a  groove  so 
that  the  level  of  the  mercury  can  be  seen.  At  the  other  end  of  the 
tube  is  a  disc  of  the  same  diameter  as  the  cylindrical  vessel,  which 
receives  the  shadow  of  the  latter,  and  indicates  whether  the  black- 
ened surface  is  exposed  normally  to  the  direction  of  the  sun*s  rays : 
this  is  the  case  when  the  lower  disc  is  exactly  covered  by  the  circular 
shadow  of  the  U2)per  one.  The  temperature  of  the  instrument  is 
first  noted ;  its  blackened  face  is  then  exposed  to  a  portion  of  the 
sky  without  clouds,  but  in  such  a  manner  that  it  does  not  receive  the 
solar  rays:  at  the  end  of  five  minutes  its  radiation  has  produced  a 
certain  lowering  of  temperature.  The  instrument  is  then  directed 
towards  the  sun ;  the  blackened  face  receives  the  solar  heat  falling 
perpendicularly  upon  it  for  another  five  minutes.  Tlie  elevation  of 
temperature  is  now  noted,  and  the  instrument  is  again  caused  to 
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radiate  its  heat  for  five  minutes  in  ita  first  position ;  the  final  cooling 
mnBt  then  be  observed.  The  first  and  third  observations  are  neces- 
sary for  the  calcnIatioQ  of  the  quantity  of  heat  lost  by  radiation  by 
the  inatrament  during  ita  exposure  to  the  sua,— this  quantity  being 
a  mean  between  the  two  observed  coolings.  By  adding  to  it  the 
heating  due  to  direct  exposure  to  the  sun,  the  total  elevation  of 
temperature  will  be  obtained ;  and  consequently  the  number  of 
calories  can  \»  calculated  which  have  been  absorbed  during  a 
minute  by  s  surface  equal  to  that  of  the  blackened  disc. 


This  quantity  of  heat  depends,  as  a  matter  of  course,  on  the  eleva- 
tion of  the  sun  above  the  horizon ;  for  before  reaching  the  surface  ol 
the  earth,  the  beat-rays  of  the  sun  traverse  tlie  atmospheric  strata, 
which  absorb  ii  certain  jirojHirtioit  iiicreiising  witli  their  thickness. 

M.  I'ouillut  liiis   studioil  the  law  which  regulates  the  calorific-  in- 
tensity "f  tin;  sTMi  iiwuxliiij;  iis   its  lii'i^'ht  viuics,  fiinl  lie  lias 
ti'iiiiiiu-.!  till.-  ;Ui.s..r|.tioii  iliii:  ti.  tiji.'  ;itiM<.s|.livrr  if  the  sun  wtr 
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the  zenith.  This  absorption  varies  to  a  certain  extent  according  to 
the  purity  of  the  atmosphere,  and  may  rise  to  0*25 ;  that  is  to  say, 
to  one-fourth  the  amount  of  lieat  which  would  i*each  tlie  earth  if  the 
atmosphere  did  not  exist. 

Considering  the  total  heat  received  by  an  entire  hemisphere,  and 
consequently  at  every  possible  degree  of  obliquity,  it  is  found  that  the 
proportion  absorbed  by  the  atmosphere  is  comprised  between  four  and 
five-tenths  of  the  heat  emitted  by  the  sun,  if  the  sky  were  entirely 
without  clouds.  The  surface  of  the  earth  therefore  scarcely  receives 
more  than  one-half  of  the  solar  heat,  this  being  distributed  unequally 
according  to  the  obliquity  of  the  rays ;  tlie  other  half  warms  the 
atmosphere. 

Supposing  the  heat  received  by  tlie  earth  to  be  uniformly  dis- 
tributed, M.  PouiUet  has  calculated  that  a  square  centimetre  receives 
0441  calorie  per  minute;  that  is  to  say,  a  (quantity  of  heat  suffi- 
cient to  raise  the  temperature  of  441  grammes  of  water  1°.  In  one 
year,  each  square  centimetre  receives  231,675  calories:  the  quantity 
of  heat  received  in  a  year  by  the  entire  earth,  would  be  sufficient  to 
melt  a  layer  of  ice  31  metres  in  thickness  surrounding  the  globe. 

From  the  quantity  of  heat  received  annually  by  the  earth,  the 
total  amount  of  heat  radiated  by  the  sun  into  space  can  be  deduced. 
This  may  be  done  by  calculating  how  many  times  the  surface  of  a 
great  circle  on  the  earth,  i.e.  an  area  equal  to  a  section  of  the 
earth,  is  contained  in  the  surface  of  a  sphere  which  has  the  centre 
of  the  sun  for  its  centre,  and  the  distance  from  this  body  to 
our  globe  for  its  radius.  An  easy  calculation  gives  2,150,000,000, 
so  that  the  heat  intercepted  by  the  earth  is  only  ^^^^n  P^^^ 
of  the  entire  solar  radiation.  "  The  heat  emitted  by  the  sun,*'  says 
Tyndall,  "  if  used  to  melt  a  stratum  of  ice  applied  to  the  sun's  surface, 
would  liquefy  the  ice  at  the  rate  of  2,400  feet  an  hour ;  it  would  boil, 
per  hour,  700,000  millions  of  cubic  miles  of  ice-cold  water.  Expressed 
in  another  form,  the  heat  given  out  by  the  sun  per  hour  is  ec^ual  to 
that  which  would  be  generated  by  the  combustion  of  a  layer  of  solid 
coal  ten  feet  thick,  entirely  surrounding  the  sun  ;  hence  the  heat 
emitted  in  a  year  is  equal  to  that  which  would  be  produced  by  the 
combustion  of  a  laver  of  coal  seventeen  miles  in  thickness." 

Such  is  the  calorific  intensity  of  the  immense  lK)dy  which  furnishes 
the  eartli  and  the  other  planets  with  their  supply  of  heat,  and,  as  we 
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shall  pi*esently  see,  their  provision  of  life  and  mechanical  force.  We 
do  not  yet  know  how  this  prodigious  activity  is  maintained ;  nevisr- 
theless,  several  ingenious  hypotheses  have  been  made  concerning 
it,  but  which,  we  must  remember,  rest  solely  on  conjecture. 

The  earth  also  receives  heat-rays  emitted  by  the  stars,  which  are 
heat-sources  similar  to  that  of  which  we  have  just  spoken.  At  the 
almost  infinite  distance  of  the  stars,  the  heat  radiated  by  them  is 
so  feeble  as  to  be  almost  inappreciable:  indeed,  it  is  almost  impos- 
sible to  measure  it.  Nevertheless  some  successful  attempts  have 
been  made,  by  means  of  large  telescopes  which  grasp  a  large 
number  of  these  radiations,  and  delicate  thermo-electric  piles. 
Thus  Mr.  Stone  has  found  that  the  heat  reqeived  from  Arcturus 
is  equal  to  the  radiation  of  a  Leslie  cube  of  boiling  water  at  a 
distance  of  383  yards.  The  whole  of  these  distant  radiations,  that 
of  the  sun  excepted,  determines  what  is  called  the  temperature  of 
space,  which  has  been  estimated  by  many  savants.  According  to 
Fourier,  this  temperature  is  —  60°  C. ;  M.  Pouillet  states  that  it  is 
much  lower,  and  can  scarcely  exceed  —  140^  C. 

The  surface  of  the  earth  also  receives  heat  from  its  interior — heat 
which  belongs  to  the  terrestrial  globe  itself,  as  Fourier  has  proved. 
At  a  certain  depth  below  the  surface,  a  stratum  is  found  with  a 
constant  temperature  which  is  nearly  the  mean  temperature  of 
the  place. 

Below  this  stratum  the  temperature  increases,  and  its  mean 
augmentation  is  about  1**  for  30  metres.  If  this  increase  of  heat, 
which  has  been  proved  to  a  depth  exceeding  700  metres,  continues  in 
the  lower  strata  and  in  the  same  proportion;  at  3  kilometres  the 
temperature  would  already  reach  the  l>oiling-point,  and  at  40  kilo- 
metres most  of  the  known  minerals  would  have  attained  their  melting 
points.  But  it  remains  to  be  proved  whether  the  enormous  pressure 
to  which  the  terrestrial  strata  are  subjected  at  this  latter  depth, 
is  not  an  obstacle  to  their  licjuefaction :  the  incandescence  of  the 
terrestrial  nucleus  thus  remains  in  an  hypothetical  state. 

The  sun  is  the  most  abundant  and  economic  source  of  heat :  but 
it  is  not  the  most  convenieut,  because  we  cannot  (ulapt  it  at  will  to 
our  pur})Ose.s,  and,  when  it  is  clouded  over,  or  is  invisible,  we  most 
require  heat :  nor  is  it  the  nio.^t  intense,  for  unless  it  is  concentrated 
by  means  uf   expensive    apijaratus,  it    only  ])roduc<'s    coini)aratively 
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low  temperatures.  It  may  be  safely  aftirmcil  that  civilization  would 
be  an  impossibility  if  luao  had  only  the  sfiliir  heat  at  his  command, 
and  had  not  discovered  artificial  suiirces  <if  hi'.it  to  satisfy  the  must 
indispensable  wants  of  his  ejcistence.  Conibuslion,  that  is  to  say,  the 
clicniical  coiiibi nation  of  certain  bodies  with  oxygen,  constituti'S  one 
principal  source  of  this  kind,  and  the  term  artificial  heat-sources  is 
applied  to  tlioae  whicli  can  he  used  at  will,  and  the  intensity  irf 
which  can  l>e  ref;ulate<l  according  to  the  wants  of  the  moment, 

tienerally  speakinjr,  whenever  siiljstances  enter  into  combination, 
heat  is  disengaged.  Thus,  a  mixture  of  water  and  sulphuric  acid,  and 
of  water  and  a  certain  quantity  of  quicklime,  in  accompanied  hy  a 
considerable  rise  of  tonipeniture. 

The  combination  of  oxygen,  one  of  the  constituents  of  our  atmo- 
sphere, wifli  certain  solid  or  jja'^eous  elements,  gives  ri.se  to  a  very 
intense  disengagement  of  Iteat  acconijianied  hy  light,  and  fivqncntly 
produces  the  phenomenon  of  vivid 
combustion.  But  in  onler  that  a 
comhusf  ibie  l>ody  may  burn,  either 
in  the  air  or  in  pure  oNvgiui,  one 
of  its  parts  must  first  l«j  brought 
to  a  high  temperature ;  in  fact,  it 
must  be  lighted.  When  once  the 
combination  has  conniienced,  the 
heat  disengaged  by  it  is  communi- 
cated in  succession  until  the  com- 
bustible gas  is  entirely  extin- 
guished, or  the  body  with  which 
it  is  combined  is  completely  con- 
.sumed.  It  is  thus  that  we  obtain  ""—"'■  ■.""■""•"w" -■  .™.mu.,fc-n. 
fire  in  our  stoves  and  the  light  of  our  candles  and  lamps;  and  we 
know  by  experience  that  tliese  sources  of  heat  and  light  only  last  ao 
long  as  they  are  kept  up, — that  is  to  say,  while  they  are  furnished 
with  the  two  elements  necessary  for  the  combustion. 

When  combustion  takes  ]ilac«  in  pure  oxygen,  it  is  nnich  brighter 
than  in  air.  On  plunging  a  steel  spiral  furnished  with  a  piece  of 
burning  tinder  into  a  bell  jar  filled  with  this  gas  (Fig.  325),  a  very 
bright  combustion  of  the  metal  is  produced,  and  it  sends  out  a 
nuniher  of  sparks  in  every  direction. 
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tJjAJ  ;3i  'y>*^y  loiT  Vsra  »^hL  ai  fiia-fe,  tb«*:  r:.:is:  ■•.*r  a  cis?rnri2r— -esi  c^ 
e^rruiii  :r.'^*^^  tsu  irrr  t:j^  iiiiSa*fDce  of  &  L;^  t^Ti.per*:o?% :  %iA  tb^se 
;sai;iyiA  in  Wy/^-jn^  Izoiznf/Wi  pT*>ia'*  iL*-  ri.oT^sib!'^  li^Lt  if  wlik-h 
ire  «fi/*Ak,  In  •Lf:  fiArtt*:  of  ai  ensile  or  jrr*  of  ffis  tLere  are  ibr^ 
*Vi>\iii^f.   }>'^rtioi-.«    Jd    »^h:f-h    tLe   h*5it   ?i:.i   lizfc*.    are   a.^^>nat^i    in 

TIj<:  ezV:r>yr  liv^T  i-  th<r  r^s&t  of  tL^  iTiOf^t  active  oombzistion  an-l 
^/f  th^  Wy/)if'^X  XfiZfi\fhr4XnT*:}  bet  tL*:  lii^ht  of  tfc:*  region  is  not  int<rn«^ : 

next  coinf:*  a  v^-rr  laaiinoa«  stratum  where  the 
^oniba^tion  i%  always  le«.«  complete,  and  the  heat 
lejjij  iiitenv,  bnt  which  ^how«  jrreat  brilliancy: 
whether  thU  Ui  on  account  of  the  venr  fine 
}/article<s  of  incandescent  carbon  of  which  it  c-on- 
•lfrt«,  or  on  account  of  the  density  of  the  vapours. 
if5  not  vet  decided.  Lastlv,  at  the  interior  of  the 
flame,  there  m  a  dark  fjpace,  possessing  a  much 
lower  temperature,  l^cause.  as  the  oxygen  of  the 
air  cannot  penetrate  to  it,  the  gaseous  matters  which 
fill  it  are  not  burnt.  It  is  only  on  reaching  the 
top  of  the  flame  that  these  matters  are  burnt  in 
their  turn :  when  the  combiLstion  is  incomplete, 
thev  rise  in  the  form  of  smoke. 

If  the  flame  of  a  candle  is  blown  upon  quickly, 
we  all  know  what  happens, — the  light  is  extin- 
guished; and  the  reason  of  this  fact  is  simple:  by 
the  fict  of  blowing,  cold  air  is  introduced  into  the 
inflammable  gas,  which  cools  on  being  difl*used  into  a  quantity  of 
air;  the  temiKinitiire  then  falls  to  such  an  extent  that  combustion 
ceas^js.  If,  after  having  blown  out  the  flame,  the  wick  remains 
incandesc^int,  by  blowing  it  lightly  it  is  again  lighted,  because  the 
oxygen  necessary  for  the  combustion  is  introduced,  and  the  gas  again 


'  A  -;/^':troHro|»i(:  rxauiination  of  a  ranfllc-flarne  affords  a  very  beautiful  proof 
ffiat.  t.}i<-  <  rtr-rior  part  of  tli*'  fl.»iii<-  is  thr*  lioltr-t,  for  thi^  r»;_Mon  ;^'ives  us  the  bri;»dit 
lifK'of  o'liiiiii,  whi'li  woiiM  h<:  a  dark  lino,  when  tlu*  sji^f  tro.-r'0[»o  is  directed  to 
th«'  hri/ht'  r  pnrt  of  tlif  \\:\\\\f\  if  this  wi'vc  Tint  <>o. 
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(lisengflges  itself,  uud  is  iiitliinied  at  the  \iom\  nf  coutact  of  the  solid 
incandescent  parts. 

Several  pliysicists — anioug  others,  l-iiiliice,  Lavoisier,  Kiuiiford, 
Deapretz,  Buloiig,  Fahre,  nud  Silberniniiii ' — liave  eiideiivoured  to 
measure  the  quantities  of  heat  which  are  disengaged  during  chemical 
combinations,  and  especiairy  during  ordinary  conibiistiou.  Tlie 
number  of  calories  whicli  are  disengaged  when  a  unit  of  woiglit  of  a 
combustible  body  is  burned,  is  what  is  called  llie  heat  of  vKinhiiMion 
of  that  body.  We  cannot  <lescribe  tlie  moHiods  which  hav«  been 
employed  iti  these  important  researches,  and  shall  only  give  some 
results  which  sliow  to  how  great  an  extent  llic  elements  differ  in 
this  respect.  Whilat  the  heat  of  conihuKtinn  of  1  gramme  of  native 
sulpliur  is  2,:iOO  calories  {the  calorie 
is  in  this  case  the  ijuantity  of  heat 
necessary  to  raise  1  gramme  of 
water  1"  C),  tliat  (if  1  gnimnn' 
of  carbon  in  the  slate  cil'  ilia- 
inond  is  7,77<'  calories;  the  same 
tiody  in  the  state  of  natural 
grajihitc  is  7,7Uti ;  and  lastly,  as 
chai-coal,  8,0S(l  calories.  Hydrogen 
burning  in  chlorine  disengagefi 
23,783  calories,  and  the  same  gas 
liurning  in  oxygen  .'t4,4'i2. 

The  heat  of  condmstion  of 
liydrogen  is  tlic  most  intense  of 
all  ;  it  has  Iwen  calnthited  thai 
it  eorresi)onds  to  an  elevation  of 
temperature  of  d.mut' ;  which  has  ,„.    ,,    .  .. 

li'd   lo    the    employment   of   this 

extreme  heat  for  the  pruihietion  of  extremely  high  temperatures. 
MM.  H.  yiiinte-riaire-lleville  and  Debray,  by  \ising  the  oxy-  ' 
liydrogen  blowpipe,  liave  fused  considcr;ibIe  masses  of  platinum ;  a 
k'ih'gramme  of  this  metal  requires  for  its  fusion,  and  for  keeping  it 
in  a  state  of  fusion  during  the  time  of  refiuiuy,  a  consumptiou  of 
7'i  litres  of  oxygen  and  120  litres  of  hydrngi^n. 

Mechanical  action,  friction,  percussion,  aud  compression,  develop 
'  Andrews  of  Hclfiut  hus  made  ttry  accurate  experiment  a  on  this  subject. 
K    K    2 
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n/>fiu»Tui  of  ^h^mi^I  combinarinna.  Th<»r»»  aie  aTnnberiesB  examples 
1/  thut  tRUL^rfonuasioo  of  nuidria  iaco  beac,  and  we  can  eaeh  obeerre 
tb^m  for  himfielf     We  will  meatum  sooie  of  them. 

When  X  metal  Ijotton  »  ^cdeklj  ruPibed  against  doth  or  any  solid 
tody,  it  l^i^iomes  warm,  azid  finallT  rery  hot :  schoolboys  well  muier- 
iirand  thi^i  experiment.  The  frictzoa  of  a  saw  a^saunst  the  ptece  of 
wood  which  it  ia  diviiing^  that  of  a  razor  or  knife  whiiJi  s  being 
grocmd,  of  a  file  against  the  metals  which  it  wears  awar,  raises  the 
temperatare  of  the  objectii  subjected  to  these  Tiedent  motions,  the 
molecnles  of  whioh  are  thus  distiirbed.  The  sparks  produced  bj 
horses'  shoes  on  the  parement,  or  bj  the  ftiction  of  the  steel  on  the 
wheel  of  a  grindstone,  or  again,  those  which  set  light  to  tinder  in  the 
flint  and  steel  n^hod,  all  proceed  from  the  high  temperature  prodooed 
hj  friction ;  rerj  fine  metallic  particles  are  detached,  and  the  heat 
developed  is  sufficient  to  set  the  little  masses  on  fire.^ 

Verr  dry  pieces  of  wood  mbbed  against  each  other  become 
heated ;  smoke  is  disengaged,  and,  if  we  may  beliere  the  stories  of 
travellen,  savages  by  these  means  procure  fire.  Turners  sometimes 
produce  black  Viands  on  the  objects  which  they  are  mmlnng  by 
pressing  a  piece  of  wood  against  the  spot  which  they  wish  to  char. 
The  heat  which  follows  from  this  pressure,  joined  to  the  rapid  rotatory 
morement  of  the  lathe,  is  strong  enough  to  carbonize  the  wood  on 
the  circumference  of  the  object  The  pivots  of  machines,  the  axles 
of  carriages  and  railway  carriages,  become  strongly  heated  by  the 
friction  which  results  from  a  rapid  and  prolonged  rotation;  indeed 
they  would  take  fire,  or  get  red-hot,  if  care  were  not  taken  to  lubri- 
cate or  grease  them. 

We  may  quote  here,  as  an  example  of  the  enormous  quantity  of 
heat  which  can  be  disengaged  by  the  friction  of  two  solids  against 
each  other,  the  celebrated  experiment  made  by  Sumford  in  1798 ;  this 
experiment  had  been  suggested  to  that  celebrated  physicist,  whilst  he 
was  superintending  the  boring  of  some  pieces  of  cannon  at  Munich. 

1  "  Hcforti  the  discovery  of  Davy's  safety  lamp,  the  fire-damp  was  the  great 
trouble  of  rnin*-'* ;  and  many  mines  remained  unexplored  and  inaccessible  on  account 
of  the  prf-tence  of  this  invincible  enemy.  As  common  lamps  could  not  be  used, 
the  paMa((es  were  illuminated  by  means  of  a  steel  wheel  which  was  caused  to  turn 
a^fHinst  a  gun-flint.** — Sfmovin,  Ln  Vlf  Soniermine. 
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Struck  by  the  great  quantity  of  beat  disengaged  during  this  operation, 
he  wished  to  measure  it  as  exactly  as  possible ;  accordingly  he  placed 
a  metal  cylinder,  destined  for  the  operation  of  boring,  in  a  wooden  case 
tilled  with  water,  the  temperature  of  which  was  shown  by  an  immersed 
tliermometer.  An  hour  after  the  friction  of  the  blunt  borer  against 
the  cylind.er  had  commenced,  the  temperature  of  tlie  water,  at  first 
16°,  rose  to  46°.  At  the  end  of  two  hours,  it  was  81°,  and  again, 
half-an-hour  later,  tlie  water  completely  boiled.  "It  would  be 
difficult,'*  said  Rumford,  to  describe  the  surprise  and  astonish- 
ment expressed  in  the  faces  of  the  assistants  at  the  sight  of  such 
a  quantity  of  water  (about  ten  litres)  heated  and  caused  to  boil 
witliout  any  fire." 

The  friction  of  solids  against  li<[uids  and  gases  also  develoi)s  heat. 
Joule's  experiment,  to  which  we  shall  presently  refer,  proved  the 
heating  of  a  liquid  when  agitated  by  metallic  paddles  turning  on  an 
axis  in  it.  The  incandescence  of  aerolites  is  by  some  attributed  to 
friction  against  the  atmosphere,  which  they  enter  witli  considerable 
velocity.  Tlie  elevation  of  temperature  caused  by  the  friction  of  a  gas 
against  a  solid  is  placed  beyond  doubt  by  a  very  simple  experiment 
made  by  Tyndall  in  his  Lectures  on  Heat :  by  means  of  a  pair  of 
bellows  he  caused  a  cun*ent  of  air  to  impinge  on  one  of  the  faces  of 
a  thermo-electric  pile;  the  needle  of  the  galvanometer  was  imme- 
diately deviated,  and  the  direction  of  the  deviation  indicated  that 
the  face  of  the  pile  had  been  heated  by  the  moving  air. 

We  wiU  end  this  enumeration  of  phenomena  which  prove  the 
generation  of  heat  by  mechanical  force,  by  quoting  an  important 
experiment  of  Davy's.  This  illustrious  physicist,  by  rubbing  two 
pieces  of  well-dried  ice  together,  succeeded  in  melting  a  certain 
quantity.  Now,  to  explain  the  disengagement  of  heat  produced  by 
friction,  the  partisans  of  the  material  theory  of  heat,  who  considered 
it  a  fluid  contained  in  the  interstices  of  bodies,  reasoned  thus: 
Friction  changes  the  calorific  capacity  of  diflerent  bodies ;  it 
diminishes  this  capacity  so  that  the  heat  which  was  retained  before 
the  mechanical  actions  can  no  longer  remain  within  the  body  after 
the  molecular  chan<:je  which  agitates  it:  it  is  this  heat  which  is 
disengaged  by  friction,  and,  before  latent,  now  becomes  apparent." 

The  experiment  of  Davy  renders  this  explanation  impossible ;  let 
us  bear  in  mind  that  water  has  double  the  calorific  capacity  of  ice  ; 
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V#  ^^rui^TifAru^   ',:.  vxr>r'iA.vj>  -»!rii  '[-ji  :nx:^jxi.  \cjpsxj,  viK^itm  ibr 

M  tf>;  :^A  hfiscM.  ^Ti  H^-zc^  wrwCrh  cr«M  rr^TiI:  p^^.Ij  itoai  :L*r  fr::r:'.'Q 
ftcr^iri.^^  tf>i:  Tcxxi,  ?>!:•  •,:.•=:  f^rfirr.^r  :t.*^lf  nr*:r:r:'':«=rs  :in  el-rvarioa  of 
UiTftj/:?^'.  :•';.  Aft  ir^r*  rAf,  r/*Af>iTi  Tiitri  arxrvj^tiTiS:  ^tr'^k^.  can  h-^ 
rna/i^  f-vl'hv..  I'.^Vrt  fA  'j^kA^  *ilv*?r,  arid  o^pp^r,  conipnb?.^^!  nri«irr 
tb^  cz/Inifi^  pr^j-.^  vhi/';f»  1*  ua^l  v>  %tarAp  rrj^^rirv.  W;om-i  L-r-xr^I.  0 1: 
U»^  #jI^?74tion  of  ^Afi\^iViiMTH  U  nor  tl**:  iAai^  in  different  metaL?. 
ift^UHt^Vj  ^f^r^icifcf,  the  qaAntity  of  he-^:  develope^l  by  Eiei:hanic:»l 
tu^ion  lU'Y^nU  on  the  nature  of  the  .suV/5t;ince3  sabniitteti  to  ih»5.^ 
*/Aion.i,  on  the  =jt*t/:  of  their  ftarfa/:e,  and  on  the  pressijre  exercUed. 

The  eompr<rtiihility  of  li^iTiirLa  w  verj'  fiilight:  nevertheless,  by 
Nubniittin:.^  liqriirlA  to  oon^jiderable  pr<A%ure — for  example,  of  from  30 
Vp  4^)  at.m'^jiUjre* — the  dtaengagement  of  Iieiit  can  be  e?;tabli*heii. 
Tlie  f'jfftu\fT*'A*Aou  of  ;(a*e'j  can  lie  effecte'I  to  very  exteasive  limits : 
and  a  f'jffmuh:T^t\fU:  elevation  of  temj^erature  can  be  obtaine«l,  when  a 
gan^^/iM  mam  i«<  Hinlrh-nly  f;'inipre48e<l  into  a  limite<l  space.  This  fact 
nhowH  iiH  the  principle  of  the  pneumatic  syringe  which  we  have  de- 
mriU'A  in  the  Kirnt  iW^k  of  this  work.  Tlje  expansion  of  a  gas 
]fTfnUu'/'H  an  ('AX*'J'X  contmry  to  that  of  compression, — that  is  to  say, 
a  fall  of  t«fmjf<jnitiire  re^iiilLs ;  carWiic  ar;id  gas,  first  liquefied  by 
r/rtn]frt'MH'\ou  uri<ler  40  or  i)0  atmoJspheres  in  a  receiver,  pro<luces 
Htp  much  coM  by  ex|>;iii.Hion  on  escaping  into  the  air  that  it  passes 
int/i  the  solid  stat^; ;  and  then  takes  the  form  of  flakes,  white  as 
unow,  of  Holidifi<'d  carli'Hiic  ar;id.  Tlieir  temperature  is  then  1»3 
de^'H'^'H  below  zero  Ontigrade. 

Th«'  M;iiiie  \Aif'WfUvunu  of  rr^olin;:  lakes  ]t\iioc,  when  steam  issues 
in  a  j"t,  I'nMii  tli«'  v.ilv!  of  I'-ijiin's  (li;^'e.-it<*r.  Its  su'M«*ii  expansion  is 
a(!('.orMpani«'<l  by  ji  '.oolin;^'  \vlii<;h  condenscfs  it  as  mist :  on  j»lungin^ 
tlip  h.'in'l  into  tlic   j'-t  nt   steam,  a   s^ii'-ation  of  r-oolne-^  i^  felt   wliirli 
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at  first  seems  strange.  Great  care  must  be  taken  in  this  experiment 
when  tlie  vapour  contained  in  the  boiler  has  only  the  ordinary 
atmospheric  pressure;  on  escaping  into  the  atmosphere,  at  this 
pressure,  it  retains  tlie  temperature  of  100**  C,  and  the  hand  may  be 
tenibly  scalded. 

In  order  to  complete  what  we  have  said  concerning  heat-sources, 
we  have  yet  to  mention  those  which  life  maintains  in  organized 
l)eings,  vegetable  and  animal.  It  seems  to  be  proved  that  animal  and 
vegetable  heat  has  its  origin  in  a  series  of  chemical  actions  more  or 
less  complex,  which  constitute  the  phenomenon  of  nutrition,  respira- 
tion, and  assimilation  of  food. 


U\fi  tMTA^'JAL  tHtJ'jJilSl.  jw.» 
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J-^X     •  -  -  , 


>'i.*.7      r      ^^i//,!-*      Vi 


Hams'.  •*  hUiVTM'^bC  ^7  '^iit  iu^.?ti»a rtau  4r^i.iurtar:  i/  ii^tar.-   ^nLjtt  ♦xj^e-jj 

-*-       ',U^9J!i-*^,    ',«?     y,^.U'Ji:.HlJB.        Ol.    l;-^    '.^Ij^    r-il.:      -■•:    LaT^     drarlTli^ 

\V#;  liAv«5  v^ij  ili^it  oij"  of  tli^i  tfr*:^.!*  of  beat  i-  to  expaud  l.«<>die«, 
tliiit  j>,  t//  >isjy,  V/  pr</'JU';^  juoj'r^.'ular  iLOv*:iii*riitii  wLicL  increase  th« 
iiipAj^t*'-/'*'.  of  t)j«;  lu^Ah^'MW^,  ffiiij  ea/;h  othfrr;  and.  thus  coiifeidere*i, 
*t7.\niiu>.\hu  h  U'Aliiu'j  uior':  tJian  a  rij<^jli;iDical  effK:t.  WLen  the 
if icr<:av?  of  h^sat  hiUxiufi  a  cjcttsiin  limit,  ther^:  is  a  chaiij.'^;  of  state,  a 
\0S0if^AyiH  from  th<;  holid  t//  the  liquid  condition,  and  from  the  liquid 
U/  the  j/;iiy;'/tj>  'oiidition  :  tJiii  is  aL•^'i  a  nieclianical  effect,  for  it 
d/i<:>i  not  ii\fif*:iit  doubtlul  that  these  nio^lifi';ations  in  the  asjieci  of 
a  fcuJ/»iittii';e  are  due  to  variatiou-s  in  the  resjie^-tive  distances  of  the 
Utoh'/'.iiU'A,  and  afU;iwjiid->  in  the  a/:tions  M'hich  they  ex»^rcise  on 
<ra/;h  oth'T.  W«;  ha\e  alv>  *Mren  that  increase  of  heat  confers  on 
vaj/«iij; -.  iind  j.'/i-"-.  t.li*;  <-!;iHti^;  foF;e  wljjcli,  in  Ui*jfh:rn  ii];ichin»r.s,  so 
;i.'iv;iiit;i;'*i;ij  .ly  t t:\Anf  *".  the  old  ni'/Jv-  force-.  In  all  tli»'-»'  ca.>».'.*5, 
Itt'iil  ii  tfaij -J'/nn«"l  iiito  nnf^liiiuical  work;  or,  in  olh^-r  wi^nls.  a 
'i|i,ij/i    'jM.intity   "i    }i«;it    is  (f'H'MMit'l   in    j'l'win.  in^'    ^•^•rJ:.  .illlin;rjh 
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in  many  cases  this  work  is  not  susceptible  of  measurement  in 
the  present  state  of  science. 

It  is  not  less  evident,  however,  that  whenever  heat  is  pro- 
duced, a  certain  (quantity  of  work  is  expended ;  this  is  most 
certain  in  the  case  of  heat  engendered  by  friction,  percussion,  and 
compression :  that  which  is  disengaged  by  chemical  action  is 
believed  to  be  produced  by  the  molecular  movements  which  con- 
stitute the  combinations. 

This  relation  between  the  forces  which  give  risti  to  the  pheno- 
mena of  heat  and  the  other  mechanical  forces,  had  been  suspected 
for  soriie  time :  but  it  was  reserved  to  our  time  to  transfer  it  from 
a  state  of  vague  hypothesis  to  that  of  a  theory  proved  and  verified 
by  experiment.  Dr.  Mayer,  of  Heilbronn,  a  little  town  in  Germany, 
had  the  honour  of  giving  the  first  definite  formula  to  the  theory 
and  of  developing  the  consequences:  in  1842  he  calculated  the 
mechanical  equivalent  of  heat,  which  was  experimentally  deter- 
mined a  yeiir  later  by  an  P^nglish  physicist,  Dr.  Joule,  who  was 
at  that  time  unac(|uainted  with  the  researches  of  the  German 
doctor. 

Many  other  physicists  may  be  referred  to  as  having  aided  to 
establish  this  important  theory  ;  it  will  be  sufficient  for  us  to 
mention  MM.  Kegnault  and  Hirn  in  France,  Clausius  in  Germany, 
Thomson  and  Ilankine  in  pjigland. 

We  will  now  endeavour  to  give  an  idea  of  the  itiechanical 
equivalent  of  heat,  and  of  some  of  tiie  experiments  by  which  it 
has  been  determined. 

Let  us  first  recall  to  mind  the  meaning  of  the  term  work 
in  mechanics.  When  a  power  is  employed  in  a  machine  in  motion 
to  overcome  a  resistance  with  which  it  is  in  equilibrium,  it  has  been 
proved  that  there  is  always  an  equality  between  the  products  obtained, 
by  multiplying,  on  the  one  hand,  the  ix)wer  by  the  path  passed  over, 
by  its  point  of  application;  and,  on  the  other  hand,  the  resistance 
by  the  path  over  which  the  point  of  application  of  this  latter  passes. 
For  example,  if  a  power  equal  to  10  kilogrammes  proiluces  equili- 
brium with  a  resistance  of  30  kilgrammes,  and  the  patli  traversed 
by  this  according  to  its  direction  be  1  metre,  the  path  traversed 
by  the  power  during  the  same  time  will  be  3  metres :  there  will 
then  be  equality  between   the   two  products    10  x  3  and    30  x  1. 
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The  name  of  viork  \a  given  to  each  of  these  pi-oducts ;  the  first  is 
work  spcnl  on  Ih^  machine,  and  the  second  ivork  done  by  the  mackine. 
It  is  convenient  to  take  as  a  unit  of  work  or  dynamic  unit,  the 
work  developed  by  raising  a  weight  of  I  kilogramme  to  a  height 
of  1  metre.  This  unit  is  designated  a  kiloyrammetre.  On  the 
other  hand,  we  have  seen  that  quantities  of  heat  are  measured  in 
calories ;  by  calorie  is  understood  the  heat  necessary  to  raise  from 
0°  to  1°  Centigrade  the  temperature  of  1  kilogramme  of  water. 
The  problem  which  presented  itself  to  physicists  was:  To  deter- 
mine by  experiment  and  calculation  the  number  of  kilogramnietres 
necessary  to  engender  the  quantity  of  heat  represented  by  a  calorie, 
(English  men  of  science  use  n  diFTerent  unit,  culled  a  foot-pound.) 


4.^ 
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We  deal  first  with  the  heat  which  raises  1  kilogramme  of  wutc-r 
l^  C,  and  then  determine  the  mechanical  work  necessary  to  produve 
the  same  result. 

It  is  thifl  immher  which  Mayer  has  called  tlie  in'chnntm/ 
equivalent  of  heal.  The  varions  experiments  which  have  bet-n  made 
with  a  view  of  determining  this  important  number,  consist  essentially 
in  the  production  of  a  certain  quantity  of  beat  by  the  aid  of 
niecbaiiicnl  action,  and  in  measuring  caii'tiilly  the  beat  pi-otluccil. 
and  the  work  consuineil  in  the  iperalimi.  cil'  fimi.^c  t;ikiii<;  iiii'i 
afcoiint  los.ses  of  beat  and  nf  nH'clunical  wruk.  Tlif  t'lillowiii;,'  ;iii' 
some  of  .Tunic's  fSjUTiTin'iits. 


CHAP,  viu.]  HEAT  A  SPECIES  OF  MOTION.  507 


He  compressed  air,  by  means  of  a  force-pump,  into  a  metallic 
vessel  in  the  water  of  a  calorimeter.  After  a  certain  number  of 
strokes  of  the  piston,  the  pressure  of  air  having  attained  a  certain 
number  of  atmospheres,  he  observed  the  elevation  of  temperature 
of  the  water,  and  deduced  from  it  the  quantity  of  heat  communi- 
cated to  it.  Tlie  heating  was  not  entirely  due  to  the  compression 
of  air,  but  also  to  the  friction  of  the  piston.  He  therefore  re- 
commenced the  operation  l)y  allowing  the  receiver  to  communicate 
with  the  atmosphere,  that  is  to  say  w^ithout  compressing  the  air. 
The  lieat  produced  by  this  fresh  operation  was  evidently  due  to 
the  friction  in  the  first  operation.  Joule  found  by  this  method 
444  kilogrammctres  for  the  mechanical  equivalent  of  the  heat. 

By  turning  a  paddlewheel  in  water  or  in  mercury  (Fig.  328), 
the  same  physicist  observed  the  elevation  of  temperature  of  tlie 
liquid,  and  likewise  deduced  the  number  of  calories  caused  by  the 
friction.  On  the  other  hand,  he  easily  measured  the  work  expended 
in  producing  tlie  rotation.  The  final  result  arrived  at  by  Dr.  Joule 
gives,  as  the  mechanical  equivalent  of  heat,  772  foot-pounds ;  that 
is,  the  force  expended  in  raising  1  lb.  through  772  feet  will  raise 
the  temperature  of  the  pound  of  water  1°  F. 

To  sum  up,  it  has  been  shown  by  a  great  number  of  experiments 
made  by  various  physicists,  that  the  mechanical  equivalent  of  the 
heat  necessary  to  raise  1  kilogramme  of  water  1°  C.  is  about 
425  kilogi-ammetres.  Or,  according  to  the  definition  given  above, 
that  tlie  quantity  of  heat  necessary  to  raise  the  temperature  of  a 
kilogramme  of  water  1'  C.  is  capable,  if  it  could  be  entirely  ex- 
pended in  mechanical  work,  of  raising  a  weight  of  425  kilogmmmes 
to  a  height  of  1  metre.  Iiecii>rocally,  when  work  equal  to  425 
kilogrammctres  is  completely  transformed  into  heat,  the  heat  pro- 
duced is  capable  of  raising  the  temperature  of  a  kilogramme  of 
water  1°  C  Thus  the  transformation  of  mechanical  force  into  heat 
and  of  heat  into  mechanical  force,  is  not  only  a  fact  acquired  by 
science,  biit  an  inqK)rtant  demonstration  which  throws  light  on 
the  nature  of  the  cause  to  which  we  must  attribute  the  phenomena 
which  we  have  studied  in  this  Fourth  Book. 

The  study  of  the  laws  of  radiant  heat  had  already  induced  us  to 
assimilate  heat-waves  with  luminous  waves,  and  to  regard  lieat  itself 
as  produced  by  certain  vibrations  of  the  ether.     On  penetrating  the 
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interior  of  bodies  it  is  probable  that  the  heat  communicates  to  their 
molecules  certain  movements  which,  transformed  in  different  ways, 
sometimes  change  the  volume  of  the  bodies,  sometimes  modify 
their  physical  condition,  and  sometimes  produce  intimate  effects 
of  such  a  nature  as  to  change  the  mode  of  association  of  the 
elementary  atoms.  These  movements,  indeed,  on  being  propagated 
by  our  nerves,  produce  in  us  the  sensation  of  heat. 
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MAGNETS. 


Plienoinena  of  mafjnetic  attmction  and  repulsion — Natural  and  artificial  magnets  ; 
magnetic  substances-  -Poles  and  neutral  line  in  magnets — Action  of  magnets 
on  magnetic  substances  ;  action  of  magnets  on  magnets-  Law  of  magnetic 
attniction  and  repulsion — Direction  of  the  magnetic  needle  ;  declination  and 
inclination  ;  influence  of  the  terrestrial  magnet  Process  of  magnetization  ■  - 
Attractive  force  of  magnets. 

IITINERALOGISTS  gave  the  name  of  magnetic  oxide  of  iron,  or 
^^^  magnetic  iron,  to  an  ore  of  this  metal,  which  is  found  in  large 
([uantities  in  the  mines  of  Europe  and  America,  particularly  in  Sweden, 
in  the  Isle  of  Elba,  and  in  the  United  States.  It  was  worked  for  some 
time  at  Bone  (Algeria) ;  and  lastly,  according  to  ancient  writers,  it  was 
formerly  found  in  Asia  Minor,  near  the  two  towns  of  the  same  name 
of  Magnesia.  The  mineral  to  which  we  refer  is  composed  of  protoxide 
and  sesquioxide  of  iron ;  its  colour  is  generally  black  or  brown,  and 
sometimes  greyish,  with  a  metallic  brightness.  Some  specimens  pos- 
sess the  propeiiiy,  known  to  the  ancients,  of  attracting  pieces  of  iron 
which  are  placed  near  one  of  their  points:  these  are  natural  mar/nets, 
or,  as  they  are  more  commonly  called,  lodc-Htone.^.  We  shall  presently 
see  how  the  attractive  power  of  the  natural  magnet  can  be  com- 
municated to  tempered  steel :  the  pieces  or  bars  of  steel  thus  prepared 
arc  railed  arlijicial  magnets. 
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ronat  obaf^rvft,  viz.  tlirit  ^ii?rttanci»9  which  are  ainaplv  majinetic  At*  not 
attract  each  oth'-r:  a  pi--!-^  of  iron  which  at:racta  a  raa^iirt  ha^  no 
aii^tion  on  inn,  if  ic  i.i  n  .:  in  ih-i  vicinity  of  a  majm^t.  There  U  ^ain 
anoth'tr  'lifff.T-tni-;';  on  wiiich  w-  shall  enlar^,  viz.  th;it  a  piece  of  ip>n 
nn'XcT'^ifA  attraction  at  all  [i<'>int4,  whilst  in  a  mi^net  the  attractive 
prftperty  i^  iine.-iiial!y  distribnlci :  we  have  already  9een  that  it  does 
not  t-.xxiO.  at  c^;rtaiQ  [»inu  and  is  at  maximam  at  others.  The  experi- 
raenU  which  follow  will  show  this  characteristic  difference  between 
ina;:rnetic  auliritance-i  and  magnet.s. 


Hy  cKaiiiiiiiri;;  a  ina^/net  whicli  hus  liotn  placed  in  iron  filings 
(Fig.  'VZ'A),  the  latter  are  Hcnii  not  only  to  !)•;  attached  more  particu- 
larly to  (lie  two  op|iii.iitft  jiartH,  hut,  moreover,  the  arrangement  of  the 
particles  take.^  ii  Hpccial  direction,  as  if  in  eiiih  part  where  the  attrac- 
tion is  Htronijest  there  is  a  centn;  of  attniclion.  Towards  the  middle 
of  tlie  Imr,  on  the  coiitrarv.  (i  piirt  will  lie  noticed  where  no  particle 
of  iron  has  attiiched  it.sclf.  The  two  extrfnio  points  of  tlie  magnet  are 
nill.-d  til'-  ;«,'.-.■!.  ami  lli''  m\-\-\\<t  wvtign  '.f  t!i.-  iLia;;not  the  nfi'im} 
l.n.-  or  ..,.;,in^.  Ti:-  iMi-vviii;.-  i-.  ;>n  e.vj.riiN'.-ot  wlii-l.  sl,„ws  in  a  still 
iiv<\-'::\rX\u-y.vM\u-v\\'   ■  vi-l.-n. f  ti„.  ),.,l..s  :,ii.i  ii'.- ijinM-nl  liii.-:— 
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upon  which  very  fine  iron  filings  liuve  beuii  sifted.  The  i>articles  are 
now  seen  to  dispose  themselves  iu  a  regular  manuer  round  the  poles 
of  the  magnet,  and  to  form  lines  which  are  convergent  and  symmetrical 
with  respect  to  the  neiitra!  line  in  in   (Fig.  332).   Sonii'tiiiies  a  ma};net 


possesses  more  than  two  poles:  besides  the  extreme  poles,  tlie  existence 
of  which  we  have  proved,  intermediate  points  are  observed  to  which 
the  iron  filings  attach  themselves,  and  which  are  also  separated  from 
each  other  by  neutral  lines,  as  is  sliown  in  the  magnetic  figures  repre- 


sented in  Fig.  o-l.l.  Tliese  are  called  ronxrqiient  jm/es.  It  is  easy 
now  to  explain  the  difference  which  exists  between  magnets  and 
magnetic  substances.  The  latter  have  neither  poles  nor  neutral  lines: 
whichever  of  their  points  is  presented  to  the  poles  of  a  magnet  there 
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is  always  reciprocity  of  attraction,  whilst  a  magnet  acts  only  at 
its  poles. 

Let  us  take  two  or  more  magnetic  bars  and  suspend  them  at  their 

centres,  and  successively  approach  the  two  poles  of  any  one  of  them 
to  the  two  poles  of  the  others ;  we  observe,  on  presenting  a  given  pole 
of  the  first  to  the  two  poles  of  the  second  magnet,  that  attraction  takes 
place  by  one  of  them  and  repulsion  by  the  other:  the  same  phe- 
nomena will  take  place  with  the  others.  All  the  polos  attracted  by 
the  pole  M  of  the  trial  bar  are  said  to  be  iwks  of  t!ic  same  imme;  let 
us  mark  them  with  the  letter  a  :  'while  all  the  poles  repelled  by  the 
same  pole  M  are  also  poles  of  the  same  name,  because  on  them  the 
action  is  in  the  same  direction  under  the  same  circumstances  ;  let  us 
mark  them  with  the  letter  E.  If  now  the  opposita  pole  n  of  the  trial 
bar  is  prt'sented  to  each  of  the  poles  of  the  other  magnetized  bars,  it 
will  be  i'oiiiid  that  it  repeb  all  the  poles  A  and  attracts  all  the  poles  R; 
^        ^        ^  J,   y      thus  in  every  way  the  two  opposite 

Sr       If       j[|  |S  poles  of  the  same  magnet  are  ]>olea 

I         I  I'  of  contrary  names.     Let  us  see  now 

1        !  j  how  two  poles  of  the  same  name 

^      y      ^  lil  net  on  each  other:  to  this  end  we 

Fro.  M«.-4ttr«iion  «n.i  rti.oisioo  of  uib       ^^U  place  Hear  each  other  any  two 

the  poles  R;  in  both  cases  we  shall  find  that  they  repel  each  other. 
If,  on  the  contrary,  we  present  two  poles  of  contrary  names,  a  pole 
A  and  a  pole  R,  they  will  be  seen  to  attract  each  other;  which 
proves  that  in  the  preceding  experiment  the  pole  M  of  the  trial  bar 
is  of  the  same  name  as  the^poles  E,  and  the  pole  N  of  the  same  name 
as  the  poles  A. 

We  may  sum  np  these  observations  as  follows: — 

Opposite  polea  of  the  sanu  viagnet  are  of  contrary  names ;  if  the 
action  of  one  of  the  two  on  a  given  pole  of  a  magnet  is  attractive 
the  action  of  the  other  is  repubive. 

The  jwtes  of  the  same  name  of  any  two  magjiets  repel  each  othtr, 
while  poles  of  contrary  name  attract  each  other. 

"We  here  have  a  distinction  which  radically  separates  maonetic 
substances,  such  as  soft  iron,  from  artificial  or  natural  magnets,  and 
enables  us  to  determine  whether  a  steel  bar  or  a  specimen  of  oxide  of 
iron  is  a  magnet  or  not.     It  is  sufficient  to  observe  in  what  manner  a 
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magnet  comports  itself  in  the  presence  of  tlie  bar,  or  of  a  piece  of 
lodestono.  If  there  is  attraction  at  every  point,  it  is  not  a  magnet ; 
but  if  there  is  attraction  at  one  extremity  and  repulsion  at  the  other, 
it  is  a  magiiet,  not  siiuply  a  magnetic  substance. 

Magnetization  ia  the  condition  of  a  substance  whicli  has  the  pro- 
perty of  attracting  iron  and  other  magnetic  bodies,  and  which  sub- 
stance possesses  two  poles  and  a  neutral  line.  This  property  may  be 
permanent  or  temporaiy  :  it  is  permanent  in  natural  magnets  or  steel 
bars  magnetized  by  processes  of  which  we  shall  soon  speak.  TJie 
following  experiment  proves  that  it  is  temporary  in  magnetic  sub- 
stances which  are  in  contact  with  one  of  the  poles  of  the  magnet : — 

A  small  cylinder  of  soft 
iron  can  be  raised  by 
means  of  a  magnet;  this 
is  magnetized  by  the  influ- 
ence of  the  magnet,  for  on 
approaching  a  second  cylin- 
der of  iron  to  its  extremily, 
it  undergoes  an  attraction 
and  is  also  raised.  Thus 
what  is  called  a  magnetic 
chain  can  l)e  formed  at  the 
end  of  the  bar,  composed  of 
pieties  of  iron  which  atti'act 
and  .lupport  each  other. 
Hut  if  the  magnet  in  con- 
tact with    the    first   piece   of        Kjo.  l;i.l,-Mnt;"cti/iHi^iiTi)  [h^  iullmiiocut  nugnflmu. 

.soft  iron  is  removed,  in  an 

instant  all  the  others  fall,  thus  losing  tlie  temporary  magnetism  with 
which  tlie  presence  of  the  magnet  had  endowed  them.  Each  piece 
of  soft  iron  becomes  for  the  time  being  a  magnet  witJi  two  poles  and 
a  neutral  line,  and  this  is  proved  by  the  fact  that  if  magnetic  figures 
are  funned  during  the  contact  of  the  magnet  and  the  iron  cylinder, 
the  iron  filings  arrange  themselves  in  a  manner  which  corresponds 
to  tliitt  of  the  magnet  itself.  It  will  also  be  noticed  that  the  neutral 
line  is  nearer  the  pole  next  to  the  magnet  than  to  that  which  is. 
more  remote.  Magnetic  attraction  does  not  recpiire  aleolnte  contact; 
it  is  only  necessaiy  that  ilie  distance  be  sufticiently  small  between 


.  j'if.iX'jitr^y^ 
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«tf^  «  in  tfi«  (ir»t  aAcrMf...  m  mAy  he  priv^i  bj  die  ir^igixa  o( 
vuft  ir'>n  »h>.h  «u;h  U  ■v-mpetiirri!;  Or  1^  The  nutiiitta  whii:a 
fiV.ff^M  ffiTA  *Ku  npCnT«  hav'^  :t^ir  p&Ii=4  of  eoutmy  lUTm^ 
«n4  to  wtd ;  fi-at  ;,•  Vj  xaj,  vttuttA  az  thft  two  ezD^mides  of  the 
|/iMW«  ri*ar  t^nu  '■'  .-r  which  w^re  yAofA  before  the  ropcore,  as  in 


A  i«a((ii'!t(c  tiM-Ah:  i.i  a  l'i/':ii^';--thap<:'l  pi<:cft  of  steel  endowed  with 
tlift  fifif-rly  o(  a  w/r/ini'ni  tnn'^tiH ;  that  in  to  say,  having  a  pole  at 
(!W:h  itxtri-fiiity  and  a  iii:iitrAl  litie  at  its  centre.  A  magnet  of  this 
kiri'l  nit-.\ii-nil<:i\  horizoriUilly  in  a  lo'i))  of  jiajier  hy  an  untwisted, 
thni'ul  of  HJIk,  or  wirll  iiK)iiijtj;d  on  a  pivot  with  an  agate  centre 
d'i'/.  '■'■'■'■■'■,  in  ^'.N' li  ii  w;iy  lli;it,  it  'im  inrri  frci-ly  iit  t-verj'  direction. 
Iirii-r  H'.iti'-  '.:•  ili:Ui',ii  ,  :]|'.v;iv,  ;i--iiijii-i  :i  I'rrlaiii  ilirection  in  a 
ii..ri/...it;,l    |.l;.i,-      ;.r    h,,-i     it    ii„-|, ■,-.,.-    v.irii.t i^.iis    of    Imt     sli"lil 
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This  property  of  the  magnetic  needle  to  turn  one  of  its  pohis 
towards  the  northern  horizon,  has  been  utilized  for  centuries  by 
navigators.^ 

It  is  not  always,  however,  that  the  needle  turns  to  the  true  North, 
so  that  the  vertical  plane  passing  through  its  poles  does  not  coin- 
cide with  the  meridian  plane  of  tlie 
place.  The  angle  of  the  two  planes 
is  called  the  dedinatUm  of  the  mag- 
netic needle,  or,  simply,  declination. 
We  shall  see,  when  speaking  of  ter- 
restrial magnetism,  that  the  declina- 
tion is  not  the  same  in  every  part 
of  the  world ;  in  some  places  it  is 
nil,  in  other  regions  it  is  to  the 
east  and  in  some  to  tlie  west :  more- 
over, in  the  same  place,  it  varies 
in  the  course  of  centuries.  At  the 
J) resent  time,  at  Paris,  the  declina- 
tion is  west,  and  about  18^  30',  that 
is  to  say,  the  vertical  jdane  passing 

through  the  poles  of  the  magnetic  needle — a  plane  called  the  mag- 
netic meridian — makes  with  the  geographical  meridian  plane  an 
angle  of  18  degiees  and  a  half.  At  I/)ndon  this  declination  is 
about  21°.  One  of  the  poles  of  the  needle  is  turned  nearly  to  the 
N.N.w.  This  constancy  of  direction,  in  freely  suspended  magnets 
in  a  horizontal  plane,  may  l)e  simply  ])ut  to  the  test  by  a  mag- 
netizcnl  sewing  needle.  On  jdacing  it  on  a  cork  iloat  on  water 
perfectly  at  rest,  the  needle  assumes  the  direction  of  which  we 
have  just  spoken.  Moreover,  between  the  two  poles  of  the  needle, 
there  is  a  very  characteristic  ditterence ;  for  if,  when  the  needle  is 
in  Ciiuilibrium,*  it  is  turned  end  for  end,  it  dors  not  keep  its  new 
position,  when    even    the   direction  which  has  been  given   to   it   is 

*  It  a|)p«':ii-s  cerUiiii  tliat  from  the  sch^mhuI  conlurv  before  the  Christian  era,  the 
Chinese  used  compasses  indicating  the  direction  of  the  South.  These  comi^a.'-Hes 
carried  a  little  statuette,  which  turned  on  a  vertical  point,  the  extended  arm  of 
which  always  jKiinted  to  the  South,  liecause  it  coutaiiUMl  a  ma^^nelic  needle,  whose 
xmth  iM)le  was  towards  the  hand  and  the  north  jMjle  towards  the  elbow.  (l\\.  H. 
Martin.)  The  com)Kis8  with  a  bahmced  neiMlle  w.i-.  known  to  the  Arabs,  who 
doubtless  transmitted  it  to  KuroiKjans  alwrnt  the  twelfth  century. 


Flu.  3uS. — Maj^notic  needle. 
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Fio.  :t3!*  — Maffiietic  dccliiiatiun  in 
PariK,  Uctotier  1864. 


identical  with  the  first ;  it  will  be  seen  to  turn  on  itself,  describe  a 
semi-circle,  and  again  assume  its  original  position,  so  that  the  same 
pole  is  always  turned  to  the  north. 

If  instead  of  placing  the  magnetic 
needle  so  tliat  it  can  turn  freely  in  a 
horizontal  plane,  it  is  suspended  by  its 
centre  of  gravity  round  a  horizontal  axis, 
it  will  be  able  to  turn  freely  in  a  vertical 
plane.  Let  us  suppose  this  plane  the 
magnetic  meridian.  Then  the  one  of  the 
two  i)oles  turned  towards  the  north  is 
inclined,  and  dips  below  the  horizon, 
making  M'ith  this  plane  an  angle  which 
is  called  the  magnetic  incliaation.  In  some  parts  of  the  earth, 
near  the  equator,  the  inclination  is  nil;  it  increases  generally  in 
proportion  as  the  latitude  increases,  and  near  the  poles  there  are 
points  at  which  it  is  at  a  right  angle:  the  magnetic  needle  there 
assumes  a  vertical  position  ;  these  are  the  matjnetic  poles  of  the  earth. 
At  Paris,  the  inclination,  whicli  varies  slightly  from  year  to  year, 
is  at  the  present  time  about  GG°. 

A  magnetic  needle  may  be  arranged  so  that  it  places  itself  in 
the  magnetic  meridian,  with  an  inclination  to  the  horizon  such 
as  we  have  just  stated.  Fig.  341  shows  an  aiTangement  which 
allows  the  needle  to  turn  on  a  horizontal 
axis  passing  tlirough  it«  centre,  and  can 
then  take  up  the  local  dip  as  the  axis 
is  suspended  by  a  thread.  The  system 
begins  by  oscillating,  until  the  needle  is 
in  the  magnetic  plane,  and  then  it  dips 
to  an  extent  equal  to  the  inclination  at 
tlie  i)lace.  Elsewhere  we  shall  have 
occasion  to  describe  the  instruments  by 
which  we  accurately  measure  the  inclina- 
tion and  declination  of  the  magnetic  needle :  to  these  instruments 
the  naiiio  of  /tifff/ttrfotnctcrs  lias  boon  given. 

These  experiments  prove  to  us  that  the  terrestrial  globe  exercises 
an  inlluence  (»n  a  nia;Lrnet  similar  to  that  whieh  one  magnet  exereises 
(►n  ;in«)t]i"r.      It  is  just  as  if,  at  the  interior  oi"  tlie  earth,  there  e\i>te.l 


\ 
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Flu.  MO.— Tmlinnti<»n  of  the  needle 
at  Paris,  Octu1>er  ltM}4. 
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a  powerful  magnet  possessing  two  poles.  Physicists  have  stopped 
at  this  hypotliesis,  which,  moreover,  does  not  imply  the  existence  of 
a  material  mass  analogous  to  the  natural  magnets,  and  lying  in  the 
deep  strata  of  our  spheroid,  as 
we  shall  see  when  we  study 
the  relations  which  exist  be- 
tween magnetic  and  electric 
plienomena.  If  the  earth  is 
compared  to  a  magnet,  the  pole 
in  the  nortliern  hemisphere  will 
naturally  l)e  called  the  northern 
magnetic  pole,  and  that  in  the 
southern  hemisphere  the  south- 
ern magnetic  pole.  But,  from 
the  i)receding  we  liave  learnt 
that  poles  of  contrary  names 
attract  each  other,  while  those 
of  the  same  name  repel  each 
other ;  it  follows,  therefore,  that 
the  pole  of  tlie  magnetic  needle 
which  turns  to  the  north  is  the 

southern  ixjle  of  the  needle,  whilst  the  pole  turned  towards  the 
south  is  its  northern  pole.  When  the  position  of  the  needle  has 
only  to  be  considered,  its  southern  pole  is  called  the  north  pole, 
and  its  northern  pole  the  south  pole.  But  if  the  law  of  the  mutual 
action  of  the  two  magnets  is  well  understood,  their  denominations 
cannot  be  equivocal. 


Fio.  341. — Miiffn^tiR  needle.  nhowinghoUi  the 
incliuation  and  di'clination. 


The  inclination  and  declination  of  the  magnetic  needle  are  subject, 
in  difftitjnt  regions  of  the  globe,  to  variations,  some  of  which  are 
IKjriodical  whilst  others  appear  to  be  irregular.  Sometimes  even  the 
needle  undergoes  perturbation,  as  if  the  terrestrial  globe  was  the 
seat  of  real  magnetic  storms ;  then  we  see  towards  tlie  polar  regions 
luminous  phenomena,  visible  at  great  distances,  known  as  the 
northern  or  southern  auroras.  Plate  IX.  represents  a  polar  aurora 
obs«irved  in  the  north  of  the  Scandinavian  peninsula.  AVe  shall 
give  a  description  of  this  phenomenon  in  13ook  VII.,  devoted  to 
atmospheric  meteors. 
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Hitherto  we  have  only  spoken  of  the  direction  of  the  actions 
vhich  magnets  exercise  on  each  other,  or  on  magnetic  substances. 
The  intensities  of  the  forces  of  attraction  and  repulsion  which  reside 
in  the  poles  of  magnets  have  also  been  measured.  For  this  purpose 
Coulomb  used  an  instrument  similar  to  the  torsion  balance,  w)iich 
enabled  him  to  measure  these  forces;  this  is  the  magnetic  balance 
represented  in  Fig.  342. 


A  long  magnetic  bar  is  suspended  by  a  metal  thread  placed  so 
that  it  is  in  the  magnetic  meridian  without  any  torsion  of  tlie  tliread  ; 
if  the  tliread  is  now  turned  in  such  a  way  as  to  throw  tlie  bar  out 
of  this  first  position,  and  to  cause  it  to  make  a  certain  angle  with 
it,  the  force  of  torsion  will  be  equivalent  to  the  intensity  of  the 
action  of  the  terrestrial  nii^netism  wliich  tends  to  bring  back  the 
bar  into  the  magnetic  meridian.  Coulomb  commenced  by  assuring 
himself  that  this  intensity  is  proportional  to  the  angle  of  displace- 
ment of  the  bur,  for  small  deviations.  If  we  then  place  verticiiljy 
at  the  side  of  the  iiwtninient,  .-us  shown  in  the  fij;ure,  aiiothci* 
magnet  in  the  iiiagnotic  moridiim  (shown  liy  ilii'  dotted  line),  nud 
in  front  nf  thv  juilf  i\i  the  saiue   naine,  ri'juLlr-Lim   ensues:    the  siis- 
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pended  magnet  turns  until  a  position  of  equilibrium  is  attained. 
The  repulsive  force  of  the  two  magnets  is  measured  by  the  sum  of 
the  two  forces,  the  terrestrial  magnetic  force  on  the  one  hand,  and 
the  force  of  torsion  developed  in  the  thread  on  the  other.  If  now, 
by  the  rotation  of  a  micrometer  situated  at  the  upper  j)art  of  the 
instrument,  the  two  poles  are  gradually  brought  nearer  together, 
and  if,  at  each  operation,  the  intensity  of  the  repulsive  force  is 
measured,  the  law  which  Coulomb  discovered  will  be  proved:  it 
is  as  follows : — 

Magnetic  repulsions  vary  in  the  inverse  ratio  of  the  squares  of  the 
distances  through  which  th^i/  are  exercised 

By  another  method,  which  consists  in  counting  the  number  of 
oscillations  which  a  magnetic  needle  makes  when  one  of  its  poles  is 
placed  in  tlie  presence  of  the  pole  of  contrary  name  of  another 
magnet,  at  different  distances,  Coulomb  })roved  that  the  same  law 
of  variation  in  inverse  ratio  of  the  scjuares  of  the  distances,  applies 
to  magnetic  attractions  as  well  as  to  repulsions.  We  shall  hereafter 
lind  that  it  also  governs  electrical  forces. 

At  the  commencement  of  this  chapter  we  said  that  masses 
of  steel  are  capable  of  acquiring  the  properties  of  natural  mag- 
nets :  to  obtain  this  result  several  j)ro- 
cesses  are  used,  which  we  shall  now 
describe. 

The  oldest  mode  of  magnetization  am  y 

is  that  of  single  touch,  which  consists      ^  ^ 

...  \        A'  i.   •  '■'i*  343— rn»ce>4H»'«  of  majnu'lizatioii. 

in  placmg  the  i)ole  ot  a  magnet  in  con-  Method  of  single  t«mii. 

tact  with  oiH?  of  the  extremities  of  a 

tempered  steel  bar.  After  a  certain  time  the  bar  is  found  to  be  mag- 
netized, with  a  pole  at  each  of  its  e.xtremities.  A  more  powerful 
magnetization  is  obtained  by  passing  the  magnet  seveml  times 
from  one  end  to  the  other  of  the  bar  which  is  to  be  magnetized 
(Fig.  343).  The  touching  ought  always  to  be  done  with  the  same 
pole  and  in  the  same  direction.  The  pole  «,  ol)tained  at  the 
extremity  at  whicli  the  movement  l)egins,  is  of  the  same  name 
as  the  pole  a  of  the  magnet  which  is  placed  in  cont4ict  with  the 
.steel  bar. 

There  are  seveml  methods  of  lUJignetization — discovered   alniut 
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the  middle  of  tbe  last  century — which  are  distinguished  from  the 
first  by  the  term  of  double  touch,  because  two  magnets  are  used 
instead  of  one.  We  shall  only  describe  the  methods  of  JEpinus 
and  of  Duhamel. 

The  bar  to  be  magnetized,  a  b,  is  placed  with  its  two  extremities 
on  the  contrary  poles  of  two  powerful  magnets,  a'b',  two  other 


Fio.  344. — Kognetum  by  sepArate  double  touch.     Duhamel'ii  process. 

magnets,  a,b,  are  then  taken,  which  are  inclined  from  25  to  30 
degrees  over  the  middle  of  the  bar,  the  two  contrary  poles  are  placed 
opposite  to  each  other,  and  care  is  taken  that  each  of  these  poles  is 
on  the  side  of  the  pole  of  the  same  name  belonging  to  the  fixed 
magnets  a'  b'.  If  the  moveable  magnets  are  passed  in  the  opposite 
direction  several  times  w^ithout  changing  their  inclination,  the  polar 
magnetism  is  developed  in  the  steel  bar,  which  acquires  two  poles, 
a  by  of  contrary  names  to  the  poles  B  b',  a  a'  of  the  magnets  used. 
This  is  Duhamers  process ;  it  gives  powerful  magnetization,  but  not 
at  all  regular,  and  it  sometimes  produces  consequent  points.  Tlie 
process  of  ^pinus  only  differs  from  that  of  Duhamel  by  the  two 
moveable  magnets  being  inclined  from  45  to  50  degrees,  and  after 
having  placed  them  in  contact  and  bound  them  together  at  the 
middle  of  the  steel  bar,  both  are  passed  together  from  one  extremity 
of  the  bar  to  the  other.  The  magnetization  thus  obtained  is  not  only 
more  powerful  than  the  preceding,  but  more  regular.  Therefore  the 
separate  double  touch  is  preferred  when  needles  are  to  be  magnetized 
for  compasses. 

Steel,  or  even  soft  iron  bars,  can  be  magnetized  without  the  use 
of  artificial  or  natural  magnets,  if  they  are  placed  in  the  plane  of 
the  magnetic  meridian  and  in  the  direction  of  the  inclination. 
In  this  ])osition  a  steel  bar  is  magnetized  along  its  whole  length,  and 
obtains  all  the  i)roperties  of  a  magnet :  a  bar  of  soft  iron  becomes 
a  magnet,  but  only  a  temporary  one;  the  magnetic  action  of  the 
terrestrial  i^lobe  niaLrnetizes  hv  inlhience,  or  in(hicti(^n  as  it  is  called. 
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If  one  of  the  extremities  of  a  magnet  thus  produced  is  struck  with 
a  hammer,  the  magnetic  force  of  the  bar  is  not  only  increased  but 
it  becomes  pennanent. 

Pieces  of  wire  strongly  stretched  whilst  held  in  the  direction  of 
the  dipping  needle  are  magnetized ;  and  if  they  are  united  by  their 
poles  of  similar  name  in  a  single  sheaf,  a  very  powerful  magnet  may 
be  obtained.  To  magnetize  by  the  action  of  terrestrial  magnetism, 
it  is  sufficient  to  hold  the  bar  of  iron  or  steel  vertical  while  one 
of  its  extremities  is  struck  with  a  hammer.  In  this  manner  this 
bar  is  in  the  plane  of  the  magnetic  meridian,  but  without  the  in- 
clination of  the  magnetized  needle. 

This  action  of  the  earth  well  explains  how  it  happens  that  in 
shops  in  which  steel  and  iron  are  worked,  a  great  number  of  tools 
become  magnetic,  shovels,  pincers, 
iron-work  of  windows,  and  generally 
all  the  pieces  of  iron- work  which  are 
a  long  time  in  a  position  perpen- 
dicular to  the  horizon  ;  this  is  also 

the     case     with      the     crosses     wllich         Fio.  345.-MagnetizatIon  by  the  method 

surmount  church  towers.     We  shall  "    '^""*' 

soon  have  occasion  to  speak  of  the  magnetism  obtained  by  electric 
currents,  but  it  was  known  for  a  length  of  time  that  lightning  could 
communicate  magnetic  j)roperties  to  iron.  In  the  article  Mafjnet 
in  D'Alembert  and  Diderot's  Encyclopiedia  we  read :  "  One  day 
lightning  entered  a  room  in  which  there  was  a  lx)x  of  steel 
knives  and  forks  destined  for  sea  use ;  the  lightning  entered  by 
the  southern  angle  of  the  room,  exactly  where  the  box  was 
placed ;  several  knives  and  forks  were  melted  and  broken ;  others 
which  remained  whole  were  strongly  magnetized,  and  became  com- 
petent to  lift  large  nails  and  iron  rings,  and  this  magnetic  virtue 
was  so  strongly  impressed  that  it  was  not  dissipated  when  they 
became  rusty." 

The  strength  of  magnets  alters  in  the  course  of  time:  shocks, 
changes  of  temperature,  and  lastly  the  action  of  the  earth  are  the 
causes  of  this  alteration.  The  strength  depends  on  the  volume  of 
the  nuignet,  its  form,  and  the  temper  of  the  steel;  thus,  in  two 
niniihir  magnetized  bars,  the  magnetic  intensity  is  proportional  to 
their    size,   or,   in    other    words,   to    cul)es    of    equal    dimensions ; 
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nevertheless,  it  has  been  noticed  that  small  magnets  are,  in  pro- 
portion, more  powerful  than  lai^e  ones :  some  have  been  made 
which  supported  pieces  of  iron  whose  weight  was  a  huudred  times 
their  own.  This  suggested  the  idea  of  forming  magnets  by  muting 
a  series  of  magnetic  bars  by  their  similar  ploes ;  these  are  called 
amtjmiind  magnds.  Fig,  346  shows  how  these  magnets  are  arranged. 
In  the  Royal  Institution  of  London  there  is  a  compound  mf^et 
formed  of  450  plates,  each  of  which  is  40  centimetres  in  length.  It 
is  sufficiently  powerful  to  lift  50  kilogrammes. 

Form  also  influences  the  strength  of  magnets ; 
thus,  with  equal  weights,  a  lozenge-shaped  mag< 
netic  needle  is  more  powerful  than  a  rectangular 
bar. 

Tiie  temper  of  the  steel  has  a  great  influence 
on  the  force  of  the  magnetized  bar :  tempered 
steel  is  magnetized  more  strongly  tlian  non-tem- 
pered steel ;  if  it  is  subjected  to  increasing  tem- 
peratures, the  mt^netic  force  is  weakened  more 
and  more.  Coulomb  has  shown,  however,  that  the 
result  is  quite  different,  if,  instead  of  working 
with  rectangular  bars,  very  fine  and  long  needles 
are  employed ;  in  this  case  heating  increases  their 
magnetic  force. 

'^  wt!""fmn»i''i'r'tweKe  Ijwtly,  temperature  has  a  great  influence  on 
the  force  of  magnets.  A  magnetic  bar  when 
hcat«<l  to  redness  loses  alt  its  magnetism,  the  intensity  diminishing 
as  tlie  temperature  rises,  as  stated  by  Coulomb.  But  if  the  varia- 
tions of  heat  take  place  within  narrow  limits,  the  magnetic  in- 
tensity varies  only  slightly,  and  the  magnet  resumes  in  cooling 
the  strength  which  it  origiually  possessed.  This  refers  to  polar 
magnetism,  that  is  to  say,  to  that  possessed  by  magnets ;  but  it  is 
also  the  case  with  simple  magnetic  substances  like  soft  iron,  nickel, 
&c.,  which  also  lose  their  property  when  their  temperature  is  raised 
to  a  certain  degree.  Iron  is  not  magnetic  if  it  is  heated  to  a  cherry 
red-heat,  anfl  the  same  happens  in  the  ca.se  of  cast-iron  heated  to 
whiti.-ni's.-J.  AIjovc  o''"",  nicki*l  i.'  no  lon^i'T  mitjiuetic,  and  iiinu- 
gane.sc  only  Iju'Coiikm  sh  lu'lgw  /i'im,  nliimt  —  LJU'.  'j'lit'^e  last  n'siill^ 
are  'hv  \"  M.  I'.millrt. 
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We  liiive  now  to  sjieiik  of  tlie  mi'^ms  employeil  to  pit'scrve  tlie 
magnetic  force  in  niitiuiil  ami  artificial  magnets.  Kxjicriiuent  has 
proved  that  magnetic  ImrM,  imiteii  imi-aUel  to 
each  other,  two  by  two,  in  a  Iiox,  so  tliat 
the  opposite  pole^  are  together,  preserve 
thi'ir  magnctistii,  if  care  is  taken  to  join 
the  eontrjiry  piiles  hy  Imrs  of  soft  iron, 
which  ave  called  tti'tinitiirfs  or  Ircpi'rs. 

An  armature  is  used  to  increase  tiie  posvei' 
of  a  magnet.  When  these  are  used  it  \^ 
sometimes  curved  in  the  form  of  a  howe- 
shoe,  the  armature  uniting  the  two  poles. 

A  magnet  armed  in  this  way  (Kig.  347] 
earries  not  only  a  greater  weiglit  tliaii  that 
which  a  single  pole  would  carry,  hut  douhle 
that  weight.  Hy  uniting  two  reeUmgiiliir 
magnets  or  coniiwund  magnets,  turned  so 
that  their  opposite  poles  A,  R  are  joined  hy  a 
similar  armature  (Fig.  'Ai^),  a  very  strong 
magnet  is  obtained.  Kxperiiiienls  also  show 
that  magnets  thus  arranged  keep  their 
magnetic  force  letter  if  they  are  h'ft  armed  ^ 
with  their  keepers,  or  if  the  chai'ge  of  iron  ''i"""»™giiir.-i.N.ikwiKT. 
that  tJiey  are  able  to  lift  is  suspended  on  it,  always  provided  that  it 


ed   that   iJKi 
magiictie  f"i 


I ;   for  then,  the  keepi-r  being  suddenly 
■e  of  the  niiigmt  is  weakened. 
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Vi>M^   rJL  nM(m«£in   ozirje  of   iron,   Thii-Ji  cr^iutimri^   naoiral 

»iri;ft  hsw  r*«ii  intiT'A.vA  hj  f;iTHwh;a'j  ^htitn  wiih   picci*:4  of  r-if; 
irf'Ti  'y^.Ti''"in>.nr.l7  4rrar.qtTiL     Fix  W&  ^iiriTri  hii"¥  thaw  armiioitsi 


an  jrls':':'] :  m  m'  are  plates  of  soft  iron  with  which  the  natural 
triat;nf!t  in  (;tic1rr!te<l,  ari<l  which  arc  t«rmiiiat«<l  1>y  thicker  masscn 
;»;/,  Ui'Wj  f'diiiiii};  n;al  jrtl'js  to  the  ma^jiiet;  c  is  the  armature  or 
kif'iKir.  Finally  iitattst  of  copjier  are  naed  to  aupjiort  the  phitea  of 
iKjft  iron  roinul  tlio  ina«8  of  magnetic  oxide. 
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CHAPTER    I. 

ELECTUICAL   ATTRACTION   AND    UErULSION. 

Attnirtion  of  amber  for  lij^ht  bodies — Gilbert's  discoveries  ;  electricity  developed 
by  the  friction  of  a  number  of  bodies — Study  of  electrical  attniction  and  repul- 
sion ;  insulators,  or  bad  conductors ;  good  conductors — Electrical  pendulum — 
Resinous  and  vitreous,  |>ositive  and  negjitive  electricity — Laws  of  electrical 
attraction  and  repulsion — Distribution  of  electricity  on  the  surface  of  bodies — 
Influence  of  points. 

rriHE  ancients  discovered  that  amber,  when  it  is  quickly  rubbed  with 
"■•  a  i)iece  of  woollen  stuff,  and  brought  near  light  l)odies  such  as 
bits  of  straw,  pieces  of  i)aper,  or  featliers,  causes  them  to  move  towards 
it,  as  if  attracted  by  some  mysterious  force.  Thales  of  Miletus,  who 
lived  0()0  years  before  the  present  em,  mentioned  this  property;  and 
the  (f  reek  philosopher,  Theoidirastus,  speaks  of  jet  as  likewise  possess- 
ing it  But  to  these  two  facts  alone,  during  more  than  two  thousand 
years,  the  knowledge  of  physicists  was  confined,  so  far  as  this  class  of 
phenomena  is  concerned.  Pliny  the  naturalist,  on  mentioning  the  iirst 
fiict,  stated  that  "  friction  gives  to  amber  heat  and  life." 

About  the  year  IGOO,  an  English  doctor,  William  Gilbert,  to  whom 
science  owes  many  discoveries  concerning  the  properties  of  the  magnet, 
discovered  that  glass,  sulphur,  resins,  anil  various  precious  stones 
possessed  the  attractive  properties  of  amber.  Since  that  time  a  great 
number  of  physicists  have  extended  the  researches  of  Gilbert,  and 
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brought  to  light  many  curious  phenomena  before  unknown,  and  thus 
contributed  to  found  the  branch  of  physics  which,  under  the  name  of 
electricity,  has  now  undergone  so  much  extension  and  is  of  so  much 
importance.  The  word  electricity  means  more  particulariy  the  cause, 
even  now  unknown,  of  the  phenomena  we  are  about  to  describe ;  it  is 
taken  from  the  Greek  name  of  yellow  amber,  electron  {i]\eKTpov)} 

Nothing  is  more  easy  than  to  produce  the  phenomena  of  attraction 
of  which  we  have  just  spoken.  A  stick  of  amber,  glass,  or  resin,  is 
quickly  rubbed  with  a  piece  of  cloth ;  if  now  the  rubbed  parts  are  held 
near  pieces  of  straw  or  paper,  at  a  distance  of  a  few  centimetres,  these 
are  seen  to  approach  the  surface  of  the  glass,  very  much  as  iron  filings 
are  attracted  by  the  magnet,  but  as  soon  as  they  come  into  contact 
with  the  rubbed  surface  the  attraction  is  changed  into  repulsion,  and 
the  light  substances  move  away.  When  the  substance  rendei*ed 
electric  by  friction  is  passed  at  a  short  distance  over  the  face,  a  sensa- 
tion is  perceived  similar  to  that  of  a  cobweb  coming  in  contact  with 
it.  If  the  rod  of  resin  is  rather  large,  and  the  friction  energetic  and 
prolonged,  a  sharp  crackling  noise  is  heard,  when  we  place  our  finger 
very  near  it,  and,  if  the  room  is  dark,  a  spark  will  be  seen  to  pass 
between  the  finger  and  the  nearest  portion  of  the  rod.  These  various 
phenomena  cease,  if  the  hand  is  passed  over  the  rubbed  substanca 

A  body  is  said  to  be  electHfied  so  long  as  it  shows  in  any  degree 
the  properties  indicated  iu  these  experiments;  it  is  in  its  natural 
state  when  it  gives  no  sign  of  attraction  or  repulsion. 

For  some  length  of  time,  it  was  imagined  that,  electrically  con- 
sidered, all  substances  must  be  ranged  into  two  distinct  classes :  one 
comprising  those  which  are  susceptible  of  becoming  electric  by  friction ; 
the  other,  those  which  could  not  acquire  tliis  property.  It  had  been 
discovered,  in  fact,  on  repeating  the  preceding  experiments  with  sub- 
stances of  every  kind,  that  metals,  stones,  vegetable  and  animal 
matter,  and  the  human  body,  for  instance,  do  not  give  rise  to  the 
same  phenomena  as  amber,  resins,  glass,  sulphur,  &c.  But  Gray,  a 
physicist  of  the  last  century,  determined  the  cause  of  this  difference, 
and  showed  that  it  referred  only  to  the  particular  conditions  under 
which  the  experiments  were  ma'le. 

*  Yellow  amber  is  a  kind  of  fossil  resin,  which  is  found  in  great  abundance  on 
the  coasts  of  the  Biiltic.  It  has  for  a  length  of  time  been  employed  on  account  of 
its  beauty  of  colour  and  transparency  as  an  ornament  in  dress  and  jeweller}'. 
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Indeed,  after  rubbing  a  glaas  tube  closed  with  a  cork  stopper, 
we  perceive  tliat  the  stopper  itself  ia  electrified,  altliougli  the  cork 
rubbed  separately  does  not  give  any  sign  of  electricity.  Gray  studied 
this  transmission  of  electricity,  and  proved  that  it  could  take  place 
through  a  great  distance,  through  bodies  which  until  tlicTi  were 
considcTed  incapable  of  being  electritied  by  friction.  On  the 
other  liand,  this  transmission  cannot  take  place  with  substances 
capable  of  being  directly  electrified  under  the  conditions  previously 
.Htated.    It  follows  from  these  experiments,  that  different  substances 


posspss  in  different  degrees  the  property  of  conducting  electricity 
nnce  di'velojwd :  bodies  which  were  before  considered  ns  only  sus- 
c-M|itiblc  of  being  electrified  by  friction,  nre  precisely  those  which 
conduct  electricity  the  least — they  are  hinl  condnctorf^.  Those,  on  the 
iiuitrnry,  which  it  had  been  found  impossible  to  electrify,  are  good 
'■oinhn-tiirs.  The  consequences  of  this  new  <iJstinctioii  are  important, 
and  we  shall  see  they  are  proved  by  experiment.  As  glass,  amber, 
resin,  &c.  are  bad  conducting  bodies,  electricity  can  only  l*  developed 
in  the  rubbed  portions;  and  this  is  proved  by  observation.  But  if  they 
an-  touched  by  the  hand,  which  is  a  good  conductor  like  the  iv.'^t  of  the 
lirKly,  I'lectricity  passes  to  the  latter,  then  to  the  ground,  and  disapiwars 
jihvuyi  at  the  jwints  where  contact  takes  place.    We  luivc  seen  that  it 


t 
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GiMxl  coiidacting  bodiei. 

Bad  conducting  or  insulating  bodivi. 

MetaL). 

Ice. 

Burnt  charcoal. 

PhoRphorus. 

Graphite. 

f*aoutchouc. 

Acidulated  water. 

Porcelain. 

Minerals. 

Dry  air. 

Water. 

Silk. 

Vegetable  substances. 

Glass. 

Animal  substances. 

Sulphur. 

Steam. 

Resin. 

Powdered  gla.ss. 

Aml)er. 

Flour  of  sulphur. 

Shellac. 

From  this  it  is  seen  that  electrical  conductibility  is  not  influenced 
by  the  chemical  nature  of  the  substance,  so  much  as  by  its  physical 


Fio.  861.— Electrical  pendulum.     Plicnomena  of  attraction  and  rc|iulsiuu. 


condition  or  molecular  structure.  Thus  ice  is  in  the  number  of  tlie 
insulators,  whilst  water  and  steam  are  amongst  the  conductors. 
Sulphur  and  glass  in  large  masses  are  bad  conductors ;  but  when 
reduced  to  very  fine  powder  they  conduct  electricity  very  readily. 
Coal  in  the  ordinar}'  state  is  an  insulator,  but  it  becomes  a  conductor 
wOien  calcined ;  carbon  crystallized,  or  in  the  state  of  diamond,  is  a 
bad  conductor,  but  graphite,  wliich  is  another  mineralogical  form  of 
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carbon,  is  a  good  conductor.  Heat  has  great  influence  on  the  electrical 
conductibility  of  bodies ;  a  high  temperature  confers  this  property 
upon  several  bodies  which  are  insulators  at  the  ordinary  temperature; 
glass,  sulphur,  shellac,  and  gases,  are  among  this  number. 

We  will  now  return  to  the  phenomena  of  electrical  attraction  and 
repulsion,  and  study  them  in  greater  detail. 

We  shall  for  this  employ  a  very  simple  instrument,  to  which  the 
name  of  the  electrical  penduhcm  (Fig.  351)  has  been  given.  It  is  a  little 
ball  of  elder  pith  suspended  by  a  silk  thread  to  a  stand,  and  is  con- 
sequently insulated,  as  silk  is  a  bad  conductor.  By  holding  near  the 
pith  ball  a  rod  of  electrified  resin,  we  observe  that  there  is  first 
attraction;  but,  so  soon  as  contact  has  taken  place,  the  ball  is 
repelled  from  the  resin,  and  this  will  continue  to  be  the  case  even 
when  the  rod  of  resin  is  again  brought  near  to  it.  In  this  state,  the 
pith  ball  is  electrified,  which  is  easily  seen  by  holding  the  finger  to  it, 
for  then  it  is  attracted ;  on  touching  it  with  the  hand,  after  contact 
with  the  resin,  it  is  neither  attracted  by  the  finger  nor  repelled  by  the 
rod  of  resin;  the  electricity  which  it  possessed  has  passed  into  the  earth, 
through  the  body  of  the  operator.  If,  instead  of  using  a  rod  of  resin, 
an  electrified  glass  rod  is  employed,  the  same  phenomena  manifest 
themselves  in  the  order  we  have  just  described:  there  is  attraction 
and  contact,  then  repulsion.  So  far,  no  difiFerence  has  been  observed 
between  the  electricity  developed  on  the  resin  and  that  developed  on 
the  glass,  when  these  two  bodies  are  rubbed  with  a  piece  of  cat-skin 
or  silk.  But  let  us  suppose  that  after  having  obtained  the  repulsion 
of  the  pith  ball  by  means  of  the  electrified  resin,  a  glass  rod  electrified 
by  cat-skin  is  brought  near  the  pith  ball.  The  pith  ball  is  now 
attracted  by  the  glass  as  strongly  as  if,  instead  of  having  been  pre- 
viously electrified  by  resin,  it  had  remained  in  its  natural  condition. 
The  same  phenomena  of  attraction  will  be  manifested,  if,  after  having 
electrified  the  ball  by  contact  with  the  glass  rod,  a  piece  of  resin 
electrified  by  cat-skin  or  silk  is  placed  near  it. 

Thus  the  electricity  developed  on  the  resin  and  that  developed 
on  the  glass  by  friction  of  the  cat's  skin  or  silk  acts  under  the  same 
circumstances,  in  an  opposite  manner ;  for  the  one  attracts  the 
olectritied  IkkIv  which  the  other  rejiels,  and  reciprocally.  Hence, 
electricity  was  (iistinguishc<l  hy  the  carlitu'  experimenters  into  two 
kinds,  an»l  the    names   ^dvcn   w.*re   ri:sinnii>i    d'ctrji  ih/  and   rifr>'otfs 
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electricity.  On  repeating  the  preceding  experiments  with  amber, 
sulphur,  wax,  paper,  &c.,  it  will  be  seen  that  these  substances  act, 
some  like  the  resin  and  others  like  the  glass ;  and  it  is  then  said  that 
they  arc  charged  either  with  resinous  electricity,  or  with  vitreous 
electricity.  These  terms  are  now  abandoned,  and  for  the  following 
reason  : — As  all  bodies  are  capable,  as  we  have  just  seen,  of  being 
electrified  by  friction,  it  is  clear  that  if  one  of  the  rubbed  bodies  is 
electrified,  the  other  must  be  electrified  as  well ;  and  this  is  confirmed 
by  experiment.  But  it  has  been  shown,  besides,  that  electricity 
developed  on  one  of  the  bodies  is  not  the  same  as  that  developed  on 
the  other  ;  for  example,  if  two  discs  are  taken,  one  of  polished  glass 
and  the  other  of  metal  covered  with  cloth,  each  furnished  with  an 
insulating  handle,  and  if  after  they  have  been  rubbed  against  each 
other  they  are  suddenly  separated,  the  glass  disc  will  be  found  charged 
with  vitreous  electricity,  and  the  cloth  with  resinous  electricity,  as 
may  easily  be  proved  on  trying  the  action  which  each  of  them 
exercises  on  an  electrical  pendulum,  the  ball  of  which  has  been 
previously  electrified  in  the  same  manner  in  each  case. 

But  this  is  not  all ;  it  will  be  noticed  that  the  nature  of  the  elec- 
tricity developed  on  a  body  changes  according  to  the  hochj  vrith  irhich 
it  is  ruhbcd :  thus,  glass,  which  we  have  seen  taking  up  vitreous  elec- 
tricity when  it  is  rubbed  with  silk,  on  the  other  hand  takes  resinous 
electricity  if  it  is  rubbed  with  cat-skin.  Shellac  becomes  charged 
with  resinous  electricity  if  it  is  rubbed  with  a  cat's  skin  or  flannel ; 
while  it  acquires  vitreous  electricity  if  it  is  nibbed  with  a  j)iece  of 
unpolished  ^lass.  By  retaining  the  terms  we  have  just  used,  a  cer- 
tain confusion  may  occur,  for  which  reason  the  names  of  positive  and 
negative  electricity  have  been  substituted  for  those  of  vitreous  and 
resinous  electricity.  Moreover,  we  must  not  attach  to  these  words 
other  signification  than  this:  positive  electricity  is  that  developed 
on  glass  by  rubbing  it  with  silk;  negative  electricity  is  that  ob- 
tained on  resin  by  rubbing  it  with  cat's  skin.  But  the  method 
of  action  of  these  two  kinds  of  electricity  may  be  sunnned  up  in 
two  very  simple  laws  :  Ist,  All  hiHlicH  dectrijial  either  pa'iiticel^ 
or  nefjntively  attract  liyht  bodies  in  their  natural  state.  2.  Two 
Indies  charged  icith  electricities  of  atntrarg  nanus  attract  each 
other ;  tiro  httdics  charged  with  electricities  nf  the  same  name  reptl 
ttt'h  otJirr. 
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There  is  no  exception  to  these  laws,  but  the  conditions  of  produc- 
tion of  one  or  the  other  kind  of  electricity  are  extremely  complex ;  the 
same  substance,  we  have  just  seen,  is  sometimes  electrified  positively 
and  sometimes  negatively,  according  to  the  substance  with  which  it 
is  rubbed.  But  modifications,  often  but  slightly  apparent  on  the  sur- 
fiuje  of  bodies,  change  the  nature  of  the  electricity  developed.  Thus 
polished  and  unpolished  glass,  both  rubbed  with  cat-skin,  take,  the 
first,  positive  electricity,  the  second,  negative  electricity :  two  discs  of 
similar  glass  rubbed  against  each  other  are  electrified  sometimes  in 
one  way  and  sometimes  in  another;  heat  possesses  great  influence, 
and  the  greater  number  of  hot  substances  acquire  negative  electricity. 

Many  curious  experiments  have  been  made  as  to  the  conditions 
which  determine  one  or  the  other  mode  of  electrization ;  but  little  is 
as  yet  known  as  to  the  causes  of  these  singiilar  phenomena,  and  the 
theories  which  have  been  started  to  explain  them  have  no  gi-eater 
advantage  than  to  classify  the  facts,  and  thus  render  them  more  easy 
to  fix  in  the  memory. 

An  insulating  body,  or  a  bad  conductor,  can  be  electrified  either 
by  friction  or  by  the  contact  of  another  body  already  electrified.  We 
shall  soon  see  another  mode  of  electrization,  which  consists  in  develop- 
ing electricity,  at  a  distance,  by  infiuence  or  indtLction,  It  is  in  all 
cases  interesting  to  know  how  the  electricity  is  distributed  in  a  body; 
if  it  spreads  itself  through  the  entire  mass  or  only  on  the  surface — 
if,  in  every  part  where  its  presence  is  manifested,  it  exerts  the  same 
energy — in  a  word,  what  is  its  tension  in  the  different  parts  of  bodies 
of  difiFereut  form. 

One  of  the  facts  which  experiment  has  already  revealed  to  us  is, 
that  in  an  insulated  body,  electricity  is  located  on  the  surface  which 
has  been  rubbed,  or  which  has  been  placed  in  contact  with  an  electri- 
fied body.  This  is  the  case  with  the  most  perfect  insulators;  in  bodies 
possessing  a  less  degree  of  insulation,  electricity  extends  to  a  little  dis- 
tance round  the  parts  of  which  we  speak.  The  reason  of  tliis  fact  is 
evidently  the  same  as  that  which  makes  these  bodies  bad  conductors 
of  electricity.  On  the  other  hand,  in  good  conductors,  eiectricity,  in 
whatever  mode  it  miiy  be  i)ro(luced,  spreads  itself  almost  instantane- 
ously over  the  whole  surface.  Experiments  wliieh  wi^  are  about  to  de- 
scrihe  prove  that  it  does  not  penetrate  into  the  mass  of  the  biuly,  or, 
at  least,  that  the  thickness  of  tlie  electrified  stratum  is  vei'V  small. 
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A  metallic  sphere  insulated  ou  a  glass  foot  is  covered  with  two 
tliiti  hemispherical  envelopes,  which  are  held  in  coutact  with  it  by 
two  insulating  handles ;  the  whole  system  is  then  electrified,  and  both 
hemispheres  are  suddenly  withdrawn.  On  separately  presenting  to 
the  ball  of  an  electrical  iiendiilum,  first  the  sphere  itself,  then  each  of 
the  coverings,  we  shall  observe  that  these  latter  are  alone  electrified. 
The  electricity  was  not  therefore  spread  out  to  a  greater  thickness 
than  that  of  the  envelopes.  A  hollow  metallic  sphere,  pierced  with  a 
hole  at  the  top  and  placed  on  an  insulating  stand  (Fig.  353),  is  cliaiged 


with  electricity ;  and  in  order  to  ascertain  the  manner  in  which  the 
electricity  is  distrilmlcd,  a  small  gilt  paper  disc  is  uscil,  furnished  with 
an  insulating  handle — this  is  called  a  Carrier  or  jiroof  jilfiu- — and  it  is 
applied  to  any  point  of  the  outer  surface  of  the  electrified  sphere :  it 
is  then  found  that  it  attracts  the  pith  ball  of  the  electrical  pendulum. 
The  proof  plane  is  now  touched  with  the  hand;  the  electricity  with 
which  it  was  charged  passes  away,  and  it  returns  to  its  nonnal  con- 
dition :  if  it  is  now  applied  to  the  interior  of  the  sphere,  care  being 
taken  that  it  dues  not  touch  the  sides  of  the  hole,  no  sign  of  elec- 
tricity will  be  shown  on  withdrawing  it  and  presenting  it  to  the  pith 
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ball.  The  result  will  be  tho  same  if  the  interior  of  the  sphere  is  first 
touched.  Faraday  made  the  same  experiment  by  giving  to  the  body 
the  form  of  a  cylinder  of  metallic  network,  wbicb  ho  placed  on  an 
inanlated  disc  of  brass ;  the  disc  was  then  electrified,  and  he  proved, 
by  the  help  of  the  proof  plane,  that  the  electricity  was  located  alone 
on  the  outer  surface  of  the  vessel. 

The  same  illustrious  physicist  also  made  the  experiment  with  n 
conical  bag  of  muslin,  attached  to  an  insulated  metal  ring  :  the  latter 
is  electrified ;  and  a  double  silk  thread,  fixed  to  tlie  top  of  the  cone, 


Fin.  aS3.— tNglTlhutlon  or  elwtrlcltT  on 


enables  the  bag  to  be  pulled  inside  out,  and  it  is  always  found  that  tin? 
electricity  ia  on  the  outer  surface,  so  that  it  passes  alternately  from 
one  surface  of  the  bag  to  the  other  (Fig.  354). 

Thus  it  is  entirely  on  tlie  outer  surface  of  conductors  that  elec- 
tricity is  distributed:  at  least,  if  it  penetrates  into  the  interior,  the 
thickness  of  the  ek-ctrifii;d  stratum  is  cxtroniply  small.  Lrt  us  take 
two  s|ilicri-s,  out'  plain  and  of  incfal,  tiu;  uther  iif  shellac,  t;ill  lui  lhi> 
outKitle,  botli   beini;  of  the  .same  diameter;  and   then  (.■Icil litV  tin' 

til^l.    :Hld   llirri'^lir.'    ihc    r-lrctrir    t.'li-inli    by    mr\\\\<    nf    ;lll    ili-tMi!ili'li1 
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called  an  electrometer.  If  the  spheres  are  now  placed  in  contact, 
the  electric  tension  on  each  of  them  is  found  to  be  half  what  it 
was  at  first  on  the  single  metallic  sphere.  As  the  thickness  of  the 
electric  stratum  on  the  shellac  sphere  is  equal  to  that  of  the  gold 
leaf,  we  must  conclude  that  its  thickness  is  not  greater  on  the 
solid  sphere. 

We  have  just  spoken  of  electric  tension.  It  is  the  intensity  of 
the  force  with  which  a  given  portion  of  the  suiiace  of  an  electrified 
body  attracts  or  repels  an  electrified  body  exterior  to  it  Coulomb, 
under  the  name  of  the  electric  balance,  devised  an  instrument  which 
is  used  to  measure  this  tension,  and  by  means  of  it  he  determined  the 


/ 


Fio.  354.— Faraday's  cxi)6riment  to  prove  that  elo<trii'ity  Is  located  ou  the 

outer  surface  of  electrided  bodies. 


laws  according  to  which  electric  attractions  and  repulsions  take  place 
under  varied  conditions.  As  the  principle  of  this  instrument  and 
the  mode  of  observation  is  the  same  as  in  the  case  of  the  magnetic 
balance,  described  in  the  preceding  Book,  we  shall  content  ourselves 
with  simply  stating  the  following  laws. 

The  repulsion  or  attraction  of  tv:o  equal  yihcres  charged  unth  electri- 
cities of  the  same  or  contranj  kinds,  varies  in  the  inverse  ratio  of  the 
square  of  their  distances.  Attractive  or  repulsive  forces  vary  as  the 
products  of  the  quantities  of  electricity  which  the  two  spheres  contain, 

Tliis,  it  will  be  remembered,  is  the  law  which  governs  universal 
gravitation. 

The  tension  of  electricity  spread  over  the  surface  of  a  conducting 
body  is  only  equal  at  each  point  of  the  surface,  wlien  the  body  has  the 
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form  of  A  splicre.     Tliis  is  expressed  by  saying  that  the  thickness  of 
the  electric  stratum  is  uniform  (Fig.  355), 

In  an  elongated  ellipsoid,  tins  stratum  possesses  its  maximum 
thickness  at  the  extremities  of  the  major  axis ;  lu  a  flattened  ellipsoid, 
the  maximum  is  round  the  equator.  In  a  flat  disc,  the  electric  tension, 
which  is  nearly  nil  at  tlie  centre,  increases  towards  the  edges,  where 


• 


it  attains  its  greatest  intensity.  In  a  condtictor  Formed  like  a  cylinder 
terminated  by  two  hemisplieres,  the  tension  is  greatest  at  the  surface 
of  these  latter ;  and  it  is  nearly  nil  overywliere  else.  The  dotted  lines 
surrounding  the  solids  represented  in  Figs.  355  and  356,  indicate,  by 
their  distances  from  the  adjacent  i>oints  of  the  surfaces,  the  tension 
of  the  electricity  at  each  of  these  points. 

We  see,  therefore,  what  a  preat 
{'  ^MMMMHHHRKzniaMi^  influence  form  has  on  the  distri- 
bution of  electricity  on  surfaces ; 
but  nowhere  is  tliis  influence  so 
perceptible  as  on  the  parts  of 
bodies  terminated  by  abru^rt  edges, 
'^md5fu7o*i^l!^rumL™ird"bJCo'.[Ih™'''  acute  angles,  and  conical  or  pyra- 
midal points.  At  these  parts 
electricity  accumulates,  and  acciuires  sufficient  intensity  to  pass  into 
the  surrounding  medium,  even  when  this  medium  is  only  to  a  slight 
extent  a  conductor.  Before  experimentally  proving  what  is  called  the 
power  of  poinis,  we  may  say  a  word  or  two  on  the  influence  of  the 
medium  which  surrounds  an  electrified  body,  on  tlie  preservation  or 
loss  of  the  electricity  on  it.s  surface. 

We  already  know  that  if  this  medium  Ls  a  good  conductor,  such  as 
water  or  tuoifit  nir,  the  electrifjty  will  not  vciiiain  on  tlie  huily  wbii-li 
has  befu  oU-ilrilicd,  liut  will  ]lll^;s  iiwny:  this  i.s  an  <ili>(;ii'k'  whii'h 
must  lie  reniDVud,  huwfvcr  .sH^^lit  it  may  In.',  if  we  wi^h  to  aci|iiiiii  a 
Huantity  of  i-lectricity.     Itut  if  tbi-  ii»cdiiiiii  is  diy  air,  U't  us  iihjuire 
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what  will  be  the  influence  of  atmospheric  pressure  on  the  loss  of  elec- 
tricity from  the  surface  of  a  body,  and  what  the  influence  of  tempera- 
ture ?  These  (questions  are  very  complex,  because  the  causes  which  act 
at  one  time  on  the  loss  of  which  we  speak,  besides  being  numerous, 
are  very  difficult  to  study  separately.  The  insulating  supports  are  more 
or  less  conductors ;  and  the  same  remark  applies  to  electrified  bodies. 
Coulomb  and  ilatteucci  studied  this  interesting  and  difficult  question, 
and  did  not  always  arrive  at  similar  results.  Nevertheless,  their 
researches  have  shown  that  the  loss  of  electricity  in  dry  air  increases 
with  the  temperature ;  that  with  a  constant  temperature  it  increases 
rapidly  when  the  pressure  of  air  diminishes,  or  rather  as  the  air  sur- 
rounding the  electrified  body  is  rarefied.  Nevertheless,  this  last  law 
only  holds  good  in  the  case  of  strong  charges  ;  so  that,  if  we  introduce 
an  electrified  body  into  a  vacuum,  it  immediately  loses  the  greater 
part  of  its  tension  ;  but  this  action  is  limiterl,  after  which  the  loss 
goes  on  very  slowly.  The  greater  the  rarefaction,  the  less  is  the 
limit,  but  the  loss  of  electricity  becomes  less  also.  We  shall 
hereafter  describe  some  very  curious  phenomena,  which  show  the 
loss  of  electricity  in  rarefied  media. 

We  will  now  return  to  the  escape  of  electricity  at  points. 

It  has  been  calculated  that  at  the  top  of  a  conical  point  the 
electric  tension  is  infinite,  so  that  it  is  impossible  to  charge  a  con- 
ducting body,  furnished  with  such  a  point,  with  electricity;  this 
is  confirmed  by  experiment.  In  proportion  as  the  electricity  is 
developed,  it  escapes  into  the  surrounding  medium  and  disappears. 
^Vhen  the  extremity  of  the  point  is  examined  in  the  dark,  a  luminous 
tuft  is  seen,  the  form  and  colour  of  which  we  shall  hereafter  study. 
If,  while  the  point  is  in  communication  with  the  electric  source,  the 
hand  is  placed  before  or  under  it,  a  wind  is  felt  which  indicates 
a  continuous  movement  of  the  particles  of  air;  this  movement  is 
rendered  very  perceptible  by  placing  at  the  end  of  the  point  the 
flame  of  a  candle  (Fig.  357).  The  electric  wind  is  intense  enough 
to  cause  the  flame  to  bend,  or  even  to  extinguish  it.  This  agitation 
of  the  air,  at  the  extremity  of  the  points  of  electrified  conductors, 
was  at  first  attributed  to  the  escape  of  the  electricity,  which 
was  compared  to  a  fluid;  but  the  following  explanation  appears  to 
us  preferable,  because  it  requires  no  hypothesis  as  to  the  nature  of 
electricity,  and  is,  moreover,  found  to  agree  with  known  phenomena. 
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The  molecules  of  air,  which  are  in  contact  with  the  poiDt  electrified 
to  a  considerable  degree  of  tenaion,  are  charged  with  electricity  of 
the  same  name  as  that  of  the  conductor ;  then  commences  repulsion, 
and  the  molecules,  on  getting  further  away,  give  place  to  others,  whidi 


are  electrified  in  tbeir  turn,  and  so  on-  Hence  the  current  of  air 
which  observation  indicates,  and  which  is  only  continuous  so  long 
as  the  electric  charge  is  renewed. 

The  foree  with  which  the  air  is  driven 
from  a  point,  engenders  a  reaction,  which 
must  repel  the  point  in  a  contrary  direc- 
tion ;  and  if  this  point  does  not  move,  it 
is  because  it  is  not  free  to  do  so.  The 
existence  of  this  reaction  is  proved  by  using 
a  little  instrument  called  the  electric  fty 
(Fig,  358),  A  system  of  divergent  wires 
is  united  by  a  centre  piece,  which  allows 
the  movement  of  the  system  in  a  horizontal 
plane;  each  wire  is  curved  in  and  sharply 
)}oint(;d  in  the  same  dircL'tion.  As  soon  as 
the  conductor  on  whk-li  the  lly  is  placed  is  diartrcdjlie  latter  lakes  ii[i 
;i  vutuiy  inovomeiit  in  ihp  <iin-cliiMi  (iiiiii>:>itf  \<-  lli.ii  "ftln'  |i.iiiii.-. 


— Eleolric  Hy. 
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CHAPTER  TI. 

ELECTRICAL   MACHINES. 

Electrification  at  a  distance;  development  of  electricity  b}'  induction — Distribution 
of  electricity  on  a  body  electrified  by  induction-  Hy])(>tbesis  as  to  tbe  normal 
condition  of  bodies  ;  neutral  electricity  proceedin*^  from  the  combination  of 
positive  and  ne^tive  electricities — Electro8coj)es  ;  electric  pendulum  ;  dial 
an<l  j^old-leaf  electroscopes — Electrical  machines:  Otto  von  Guericke's  machine; 
Rjimsden,  or  plate-glass  machines ;  machines  of  Nainic  and  Armstrong — The 
electrophorus. 

"II7IIEN  a  body  is  in  its  normal  condition,  we  have  just  soen 
"'  that  there  are  two  modes  of  rendering  it  electrical,  viz.  by 
friction,  or  by  contact  with  a  body  previously  electrified.  The 
phenomena  which  we  are  about  to  describe  prove  that,  in  the  hitter 
case,  contact  is  not  necessary.     Let  us  take,  for  instance,  an  electrified 


Fio.  359.— Electricity  (leVfloi»t.'tl  l»y  infliifiicr  or  indiution. 

body  c — a  metallic  si)here  mounted  on  a  glass  column — and  let  us 
place  in  its  vicinity,  a  short  distance  from  it,  an  insulated  cylindrical 
conductor  a  b,  in  its  natural  condition.  These  two  bodies  are  no 
sooner  in  the  presence  of  each  other,  than  the  conductor  a  b  shows 
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signs  of  electricity,  as  Tnaj  be  proved  by  bringing  the  pith  ball  of 
an  electric  pendulum  near  its  extremities,  when  it  is  immediately 
attracted  by  the  conductor;  or  still  better  by  observing  the  small 
pendulums  a,  b,  fixed  at  different  points  of  the  cylinder,  and  formed 
of  pith  balls  suspended  by  conducting  threads.  These  balls  are 
charged  by  contact  with  the  same  electricity  as  the  parts  which  they 
touch ;  hence,  the  repulsion  which  is  shown  by  the  deviation  from 
the  vertical  of  the  pendulum  threads.  This  method  of  evoking 
electricity,  developed  at  a  distance  by  an  electrified  body  on  a  con- 
ductor in  its  natural  state,  is  called  electrization  ly  infliunce  or 
induction.  Let  us  determine  the  nature  of  this  electricity,  and 
the  manner  of  its  distribution  on  the  conductor.  If  the  sphere  c  is 
charged  with  positive  electricity,  the  extremity  a  of  the  cylinder. 


Fia  .'UM).— Distribution  of  electricity  on  an  insulated  conductor  electrified  by  induction. 


nearest  the  sphere,  is  electrified  negatively ;  the  extremity  b  is,  on 
the  contrary,  electrified  positively.  This  can  be  seen,  by  presenting 
successively  to  the  two  extremities  a  small  insulated  pendulum, 
the  ball  of  which  is  charged  with  a  certain  electricity ;  for  instance, 
positive  electricity.  When  held  near  a,  it  is  attracted;  but  when 
near  B,  it  is  repelled.  The  reverse  would  take  place  if  the  sphere  c 
had  been  charged  with  negative  electricity. 

To  Htudy  the  distribution  of  these  two  opposite  electricities  on 
the  conducting  cylinder,  double  pendulums  with  conducting  wires 
or  threads  are  suspended  at  different  distances,  so  that  the  divergence 
of  the  balls  can  be  observed.  It  will  then  be  seen  that  the  electrical 
tension  is  at  a  maximuni  at  each  extremity,  and  that  it  gradually 
diiniiiishL's    from    each    of    these    extreme   points   towards    a  mean 
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position  M,  where  it  disappears,  and  for  this  reason  it  is  called  the 
neutral  line.  But  this  section  of  the  cylinder  which  has  thus 
remained  in  its  natural  state,  is  closer  to  the  extremity  nearest  to 
the  sphere  than  to  the  other ;  it  is  not  absolutely  at  the  centre  of 
the  conductor  electrified  by  induction.  We  may  also  add  that 
the  electric  tension  is  greater  at  A  than  at  B.  Matters  being  thus 
arranged,  let  us  gradually  remove  the  sphere.  The  balls  of  the 
pendulum  will  then  be  seen  to  gradually  approach  each  other,  and 
to  return  to'  contact  when  the  distance  of  the  sphere  is  sufficiently 
great.  Then  all  the  influence  ceases ;  the  conducting  cylinder 
returns  to  its  natural  state ;  it  also  immediately  regains  this  state 
if,  instead  of  removing  the  sphere,  the  latter  is  discharged  of  its 
electricity  by  placing  it  in  communication  wnth  the  ground. 

In  the  experiment  just  described,  the  conductor  electrified  by 
induction  was  insulated.  Let  us  suppose  that  after  having  placed  it 
in  the  presence  of  the  inducing  sphere — the  charged  body  which  elec- 
trifies by  influence  is  thus  called — the  furthest  extremity  B  is  made 
to  communicate  with  the  ground  :  immediately  all  the  electricity 
wuth  which  this  part  of  the  cylinder  was  charged  disappears,  and 
this  latter  only  contains  the  electricity  opposite  to  that  of  the  si)here, 
but  at  a  greater  tension,  as  the  more  considerable  divergence  of  the 
pendulums  proves  :  the  maximum  of  tension  is  always  at  A,  and 
the  neutral  line  has  disappeared.  The  nature  of  the  remaining 
electricity,  its  distribution  on  the  conductor,  and  its  tension  at  the 
different  points  would  still  be  the  same,  if,  instead  of  touching  it  at 
B,  every  other  part  of  the  cylinder  is  made  to  communicate  with 
the  ground,  even  the  extremity  A.  Indeed,  if  after  having  estab- 
lished this  communication  it  is  removed,  all  remains  in  the  same 
condition  ;  that  is  to  say,  the  conductor  is  always  charged  witli 
electricity  opposed  to  that  of  the  inducing  sphtire,  unequally  dis- 
tributed. On  removiug  this  sphere,  the  electricity  remains  on  the 
conductor ;  but  it  is  distributed  equally  over  every  part  of  its 
surface,  and  we  now  have  a  body  electrified  by  induction  and  charged 
with  electricity,  as  if  it  had  been  directly  charged  by  friction,  or 
contact. 

When  we  place  in  the  presence  of  a  source  of  electricity,  such 
as  the  sphere,  not  only  one  conductor,  but  a  series  placed  in  a  row 
AB,  a'b',  &c.  (Fig.  3(51),  they  are  all  simultaneously  electrified  by 
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induction ;  bat  tlie  electric  teaaion  on  each  of  the  cylinders  gradnally 
diminishes  with  tlie  (listaiicu,  although  it  is  stronger  on  a'  b',  for 
example,  than  it  would  be  if  the  conductor  a  b  were  taken  away, 
and  the  induction  was  only  exercised  by  the  sphere  alone.  This 
last  observation  proves  that  each  conductor  acts  by  induction,  and 
contributes  to  elt'ctrify  that  which  follows  it  iu  the  series. 

The  preceduij,'  facts  are  of  great  importance,  and  they  have 
suggested  an  hypothesis  which,  without  theorizing  as  to  the  nature 
of  the  first  cause  of  electricity,  gives  a  complete  explanation  of  the 
phenomena  of  attraction  and  repulsion,  and  electricity  by  contact,  &c. 
This  hypothesis  may  be  stated  as  follows : — A  body  in  its  natural 
coudition  possesses  simultaneously  two  kinds  of  electricity — positive 
and  negative — iu  such  proportion  that  they  neutralize  each  other. 


Fio.  Ml.— BlMtilnl  induct 


If  it  is  rubljed  with  a  second  body,  a  separation  of  the  two  elec- 
tricities is  produceil ;  one  kind  pusses  to  one  of  the  rubbed  bodies, 
and  the  other  to  the  other,  where  they  each  find  themselves  in  exeeaa 
when  the  boiliea  are  removed,  and  they  then  manifest  their  presence 
by  the  phenomeua  which  we  have  described. 

It  is  by  this  means  that  electrization  by  induction  is  explained ; 
that  is  to  say,  the  plieuomena  presented  by  the  conducting  cylinder 
placed  iu  the  vicinity  of  the  electrified  sphere.  The  positive 
electricity  of  this  sphere  attracts  the  negative  electricity  and 
repels  the  positive  electricity  of  the  conductor;  the  first  is  at- 
tracted towards  the  extremity  A  (Fig.  359),  the  second  is  repelled 
towards  the  extremity  b.  But  the  attraction  is  stronger  at  a  than 
the  repulsion  at  B,  V>ecause  the  distance  frmn  the  source  is  less  at 
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the  first  region  tliau  at  the  second  :  this  is  the  reason  why  th(» 
neutral  line  D  is  nearer  to  A  than  B.  When  the  conductor  is  placed 
in  communication  with  the  ground,  it  is  the  same  as  if  it  had 
been  indefinitely  lengthened,  which  expL'dns  the  increase  of  tension 
of  the  negative  electricity  at  a  ;  the  neutral  line  indefinitely  removed 
fui-ther  back  is  no  longer  on  the  cylinder,  so  that  if  the  communica- 
tion is  suddenly  broken,  negative  electricity  alone  will  be  found 
on  it  This  latter  is  also  found  to  be  une(|ually  distributed  on 
the  surface,  on  account  of  the  ine(iuality  of  action  of  the  sphere 
on  portions  which  are  situated  at  increasing  distances.  The  sanu? 
hypothesis  will  account  for  the  first  phenomena  that  we  studied  ; 
that  is  to  say,  attraction  and  rei)ulsion  of  light  bodies  by  an  elec 
trifled  body. 

If  the  pith  ball  of  an  electrified  pendulum  is  brought  near  a 
glass  rod  c,  charged  with  positive  electricity,  the  neutral  electricity 
of  the  ball  is  decomposed  by  induction  ;  the  positive  is  repelled  to  h, 
if  the  thread  is  an  insulating  one,  or  sent  back  to  th(^  ground  if  it  is 
a  conducting  one;  the  negative  is  attracteil  to  <<.  In  both  instances, 
the  tendency  of  the  positive  electricity  of  the 
ball  and  the  negative  electricity  of  the  rod  to 
reunite,  causes  the  pendulum  to  deviate  from 
the  vertical :  and  attraction  ensues.  If  there 
is  contact,  the  electricities  combine,  and 
the  ball  remains  charged  with  negative 
electricity,  always  provided  that  it  is  insulated  ;  hence,  re])ulsion 
between  the  two  electricities  of  the  sanu*  nature,  which  the  two 
bodies  contain  at  this  moment  in  the  presence  of  each  other.  When 
the  ball  is  not  insulated,  the  positive  electricity  passes  to  the  ground, 
and  contact  determines  the  combination  of  the  two  contrary  elec- 
tricities ;  the  ball  then  returns  to  its  natural  condition,  and  there 
is  no  repulsion.  These  facts,  as  we  have  seen  in  the  preceding 
chapter,  are  proved  by  observation. 

The  electrization  of  an  insulated  conducting  body  by  contact 
of  a  body  already  electrified  is  also  easily  explained  :  befoi-e  con- 
tact the  neutral  electricity  of  the  conductor  is  decomposed  by 
induction  ;  there  is  attraction  of  the  positive  electricity — let  us 
say,  of  the  body  previously  electrified — for  the  negative  electricity 
of  the  conductor,  and  repulsion  of  the  positive  electricity.     Contact 
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determines  the  combination,  in  a  certain  proportion,  of  the  elec- 
tricities which  attract  each  other,  and  there  remains  on  the  conductor 
an  excess  of  positive  electricity ;  hence  there  is  a  charge  of  electricity 
of  the  same  natui-e  as  that  of  the  electrical  source,  which  at  first 
caused  it  to  bo  believed  that  electrization  was  caused  by  a  flow  of 
electricity  somewhat  similar  to  that  of  a  fluid :  and  the  hypothesis 
appeared  the  more  tnie  as  contact  diminished  the  electric  charge 
of  the  source.  In  reality  there  is  no  division  of  electricity  between 
the  two  bodies ;  but  rather  an  action  of  decomposition  by  induction, 
than  a  partial  combination.  This  combination  often  takes  place 
through  the  air  a  little  before  contact,  and  it  is,  as  we  have  seen, 
accompanied  by  a  slight  explosion  and  a  spark. 

Lastly,  the  action  of  points  also  finds  a  more  complete  explanation 
on  the  preceding  hypothesis  than  on  that  which  we  vaguely  indicated 
above.  Wlien  a  conductor  terminated  by  a  point  is  presented  to  an 
electrified  body,  the  neutral  electricity  of  this  conductor  is  decom- 
posed by  induction ;  and  as  the  electricity  opposed  to  that  of  the 
electrified  body  possesses  at  the  extremity  of  the  point  an  infinite 
tension,  it  effects  a  rapid  combination  with  ^the  two  electricities  of 
contrary  names,  and  the  electrified  body  is  found  to  be  discharged. 

These  rather  diy  preliminaries  are  indispensable  to  the  compre- 
hension of  the  phenomena  which  we  have  to  describe ;  indeed, 
without  them,  it  would  be  impossible  to  understand  the  function  of 
electrical  machines,  as  well  as  the  numerous  experiments  which  they 
enable  us  to  make. 

Before  commencing  a  description  of  these  we  may  say  a  few 
words  on  the  apparatus  termed  electroscopes,  because  they  are  em- 
ployed to  prove  the  presence  of  free  electricity  developed  on  a 
body,  and  to  measure  its  tension. 

The  electric  pendulum,  which  we  have  already  described,  is 
an  electroscope,  and  we  have  pointed  out  many  of  its  uses. 

The  dial  electroscope  or  quadrant  electrometer  is  represented  in 
Fig.  363.  It  is  formed  of  a  conducting  support,  surmounted  by  an 
ivory  scale  ;  at  the  centre  of  the  scale  is  suspended  the  rod  of  a 
pendulum  with  a  pith  ball ;  the  rod  is  very  thin  and  is  also  of  ivory, 
V.lien  this  apparatus  is  placed  on  a  IkkIv  char*];(Ml  with  electricity 
the  latter  pervades  all  parts,  of  the  electroscope.     'J'he  pith  ball,  at 
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first  in  contact  with  tlie  support,  is  repelled,  and  its  deviation  from 
the  vertical  is  indicated  by  the  divisions  of  the  scale,  the  angle  being 
greater  as  the  electrical  charge  of  the  body  is  greater. 

The  gold-leaf  electroscope  (Fig.  364)  is  composed  of  a  glass  bell-jar 
placed  on  a  metal  plate,  to  the  interior  of  which  passes  a  brass  rod 
surmounted  on  the  outside  with  a  ball. 
This  metallic  rod  supports  two  gold 
leaves  which  remain  vertically  in  con- 
tact, when  the  electric  charge  of  the 
apparatus  is  nil,  and  which  diverge 
under  contrary  conditions.  Tlie  fol- 
lowing is  the  mode  of  using  gold-leaf 
electroscopes  when  we  desire  to  know 
whether   a   body   is   electrified  or  the 

reverse.  The  body  in  question  is  slowly  brought  near  to  the  outer 
ball ;  if  it  is  not  charged  with  electricity,  the  leaves  remain  in 
contact:  if  on  the  contrary  it  is  electrified,  positively,  for  instance, 
the  neutml  electricity  of  the  system  formed  by  the  ball,  the  metallic 
rod,  and  the  gold  leaves,  will  be  decomposed  by  induction,  the 
negative  electricity  attracted  into  the  ball,  and  the  positive  electricity 
repelled  into  the  gold  leaves;  these  will  then  diverge,  forming  an 
angle  between  them  varying  with  the 
electrical  charge  of  the  body.  If  we 
now  touch  the  ball  with  the  finger,  the 
electricity  of  the  same  nature  as  that 
of  the  inducing  body  will  e.sca])o  to 
the  ground ;  a  fact  which  we  have 
before  proved  in  describing  the  phe- 
nomena of  electrization  by  induction. 
The  gold  leaves  will  then  approach 
each  other,  and  the  system  will  be 
charged  with  negative  electricity,  prin- 
cipally accumulated  in  the  ball.  If 
the  finger  and  the  inducing  body  are 
simultaneously  taken  away,  this  same 
negative  electricity  will  be  extended  through  the  system  and  will 
cause  the  gold  leaves  to  diverge  again. 

The  electrosco}>e  is,  by  this   npemtion,  charged  with  electricity 
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which  is  always  of  a  contrary  nature  to  that  of  tlie  body  which  has 
been  presented  to  it.  It  is  useful  to  learn  how  to  distinguish  the 
nature  of  tliis  electricity  wlien  it  is  unknowiL  This  is  effected  by  the 
following  means :  a  body  charged  with  a  known  electricity  is  placed 
near  the  ball  of  the  instrument,  for  instance  a  stick  of  resin  electrified 
negatively ;  in  the  case  we  liave  supposed,  that  is  to  say,  when  the 
leaves  are  charged  negatively,  the  influence  of  the  negative  electricity 
of  the  stick  will  manifest  itself  by  an  increased  divergence  of  the 
gold  leaves,  the  negative  electricity  of  the  rod  being  repelled  into  these, 
and  the  tension  will  thus  be  augmented. 

If,  instead  of  a  stick  of  resin,  a  glass  rod  positively  electrified  is 
used,  the  contrary  electricities  of  the  gold  leaf  and  the  glass  would  be 
attracted ;  the  divergence,  instead  of  increasing,  would  be  diminished 
until  contact  ensues.  But  in  this  case  there  might  be  a  cause  of  error, 
because  after  the  gold  leaves  have  come  in  contact,  the  influence  of 
the  glass  rod  may  determine  a  fresh  decomposition,  and  hence  a  diver- 
gence. It  is  better,  therefore,  when  there  is  not  divergence  at  first,  to 
make  a  second  trial  with  a  body  charged  with  the  contrary  electricity. 

Such  are  the  proofs  by  the  aid  of  which  the  nature  of  the  elec- 
tricity of  a  body  can  be  determined  when  this  body  has  been  employed 
to  charge  the  electroscope.  It  is  evident  that  we  might  pursue  a 
different  course  by  charging  the  electroscope  with  a  known  electricity, 
an<l  then  using  it  to  discover  the  kind  of  electricity  which  a  body 
lK)ssesses. 

ELECTUICAL  MACHINES, 

We  already  know  that,  by  the  aid  of  a  body  electrified  by  friction, 
it  is  possible  to  electrify  another  by  induction.  It  is  now  time  to  de- 
scribe the  principal  machines  which  have  been  invented  for  collecting 
positive  or  negative  electricity;  the  construction  of  which  is  based, 
as  we  shall  see,  on  these  two  modes  of  electrization. 

The  invention  of  the  first  electrical  machine  is  due  to  Otto  von 
(luericke;  it  consisted  of  a  globe  of  sulphur  or  resin  mounted  on  an 
axis,  to  whicli  a  rapid  rotatory  motion  could  be  communicated.  When 
lli«.i  hands  were  ])re.^se(l  iiL^ainst  this  ^ul(>l)e,  tlie  resulting  friction 
n*n(h*re(l  the  non-conduetini,'  Ixjdy  elect rieal  ;  and  in  order  to  collect 
the  elertiicity  thus  deveh)})ed,  a  metallic  cylinder  was  suspended 
h«»ii/(»ni;dl\  a1"i\e  ihc  Lilohe  hv  .silken  cids.      One  ot"  the  exlreinities 
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conductors.  One  of  the  conductors  is  furnished  with  points ;  it  is 
electrified  positively  like  those  of  the  plate  machine;  the  other 
conductor  has  a  cusliion,  the  friction  of  which  against  a  glass 
cylinder  determines  the  separation  of  the  two  electricities  which 
form  the  neutral  electricity  of  the  system :  a  piece  of  silk  also 
protects  the  surface  of  the  glass  from  loss  of  developed  electricity. 
Hence  it  follows  that,  whilst  positive  electricity  accumulates  on  the 
glass,  the  negative  is  repelled  to  the  cushion,  and  thence  to  the 
conductor.  Only  one  of  the  two  electricities  can  be  collected:  for 
this  purpose,  the  conductor  which  contains  the  other  electricity  must 
be  made  to  communicate  with  the  ground,  by  means  of  a  chain. 

Van  Alarum  invented  an  electrical  machine  which  could  be  worked 
either  like  that  of  Ramsden,  or  that  of  Nairne ;  either  positive  or 
negative  electricity  could-  be  collected  on  its  conductors,  or  both  at 
the  same  time. 

If  very  dry  mercury  is  shaken  in  a  glass  tube — in  a  barometer 
tube,  for  instance — we  see,  in  the  dark,  a  very  faint  light,  which 
proves  the  production  of  a  certain  quantity  of  electricity ;  and,  indeed, 
the  glass  tube  then  attracts  light  bodies.  Friction  of  liquids  against 
solids  may  also  be  employed  as  a  method  of  electrization.  But  for- 
merly we  did  not  know  how  to  utilize  this  action  ;  a  method,  however, 
was  discovered  by  chance  in  1840,  when  a  very  efficient  means  of  ob- 
taining electricity  by  the  friction  of  a  jet  of  vapour  mixed  with  minute 
liquid  spherules,  against  a  solid,  was  devised.  Such  is  the  principle 
of  Armstrong's  hydro-electrical  machine,  represented  in  Fig.  368. 

A  boiler,  insulated  by  glass  supports  and  filled  with  distilled 
water,  is  used  to  produce  high-pressure  steam ;  this  escapes  into 
the  air  through  a  series  of  jets,  after  being  partly  condensed  in 
its  passage  through  a  box  of  water  filled  with  wet  packing,  kept 
constantly  moist. 

The  liquid  drops,  produced  by  the  condensation  of  the  vapour, 
rub  with  force  against  a  layer  of  boxwood,  which  surrounds  them, 
before  penetrating  into  the  jets  by  which  they  escape,  and  also 
against  the  sides  of  the  jets,  formed  of  the  same  wood.  Electricity 
is  thus  developed  in  greater  abundance  as  the  pressure  of  the  steam 
is  higher:  the  boiler  becomes  charged  with  positive  electricity, 
and  the  vapour  with  negative.     To  collect  the  latter,  an  insulated 
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conductor,  furnished  with  a  scries  of  points,  is  placed  before  the  jets 
of  vapour. 

Hydro-electrical  machines  possess  great  power,  and  it  is  to  be 
wished  that  they  were  more  used.  Among  machines  of  this  kind, 
that  of  the  London  Polytechnic  Institution  is  said  to  be  furnished 


with  forty-six  vapour  jets,  and  to  give  sparks  sixty  centimetres  i 
lengtli ;  that  of  the  Sorboone,  in  Paris,  lias  eijjihty  jets,  and  als 
furnistit'S  conliniiOHS  sparks  of  several  decimetres  in  length. 


We  often  cmjiloy  in  pliysical  iiml  chemical  lahorati.iries  a  tuoi 
simjfle  ajipiiratii.'i  than  tliat  we  bavo  just  desciiln-d,  wliich  is  eon 


OH&P.  II.] 


ELECTRICAL  MACHINES. 


fiel 


petent  to  produce  electricity  rapidly  ;  we  allude  to  tlie  fledrophonis. 
It  i3  composed  of  a  disc  of  reain,  su1p)iiir,  or  caoutchouc,  for  inatanco, 
melted  into  a  mould  of  wood  or  brass,  and  of  a  metal  plate  with  rounded 
edges,  furnished  with  an  insulating  tiaudle.  The  resin,  sulphur,  or 
caoutchouc  ia  electrified  by  rubbing  it  obliquely  with  a  cat's  akin  ; — 
it  is  thus  charged  with  negative  electricity;  the  metal  plate  is  then 
placed  on  the  electrified  cake,  and  tlie  neutral  electricity  of  the  metal 
ia  decomposed  by  induction,  so  that  the  lower  surface  in  contact  with 


the  resin  ia  eleclriHed  positively,  and  the  upper  surface  negatively. 
On  touching  the  upper  surface  with  the  finger,  its  negative  elec- 
tricity escapes  to  the  earth ;  and  if  the  metallic  plate  is  then  raised 
by  the  insulating  liamlle,  it  remains  charged  with  positive  electricity 
in  Bufficinnt  quantity  to  produce  a  spark. 

We  must  remark  that  the  electricity  collected  is  not  produced  by 
the  contnct  of  the  resin  with  the  metal, — a  contact  which  only  takes 
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the  other  extremity  is  fumishud  with  n  metal  plate.  On  the  bottom 
of  the  bell-jar  a  number  of  pith  balla  are  placfd.  Ah  soon  as  the 
machine  is  charged,  the  electricity  passes  to  the  plate,  attracts  the 
balls,  which  are  electrified  by  induction,  and  come  into  contact  with 
the  jilate ;  they  are  then  repelled,  and  fall  to  the  bottom  of  the  jar, 
where  they  discharge  their  electricity  and  return  to  their  neutral  state. 
These  backward  and  forward  movements  continue  so  long  as  the 
conductor  is  charged  with  electricity;  the  phenomenon  is  known  under 
the  name  of  electrical  hail.  Sometimes  the  pith  balls  are  replaced 
by  litthi  figures  made  of  the  same 
material,  and  this  is  called  the 
puppet  dance. 

These  three  experiments  provi', 
as  we  see,  in  au  amusing  form,  thi.' 
phenomena  of  electrical  attraction 
and  repulsion.  We  will  now  study 
the  effects  of  electrical  discharge 
1  let  ween  conducting  bodies. 

We  have  seen  that  if  when  an 
insulating  body,  a  glass  rod  fnr 
instance,  is  electrified,  we  brinj,' 
the  finger  near  its  surfwce,  a  spark, 
accompanied  by  a  crackling  souml 
passes,  while  tlie  glass  remaiu- 
electrificil  at  its  untouched  por- 
tions: which  is  explained  by  the 
non-conductibility  of  the  body  em-  y^^  3-,  _|r,ir,-[,[„i  u\[ 

ployed.  If.  instead  of  an  insulating 

iKMly,  a  conductor  is  substituted,  such  as  that  of  a  charged  electrical 
machine,  the  effect  produced  is  much  more  enei^etic  and  the  discharge 
more  complete ;  moreover,  the  phenomena  tlien  observed  depend  on 
the  manner  in  which  the  discharge  is  made,— that  ia  to  say,  on  the 
nature  of  the  medium  interposed  between  the  electrified  conductor 
and  the  body  submitted  to  its  influence. 

If  the  finger  or  any  other  part  of  the  body  is  brought  near  the  con- 
ductor of  the  machine,  n  spark  is  produced,  and  the  sensation  issti-onger 
as  the  charge  is  greater.  The  quadrant  electroscope  placed  on  the  con- 
ductor then  falls  to  «ero,ahowing  that  the  electricity  has  been  discharged; 
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but  when  the  plate  in  turned  in  a  continuous  manner  the  sparks  succeed 
each  other  with  rapidity ;  the  noise  is  a  kind  of  crackling,  and  we  feel 
a  pricking  sensation  without  any  sharp  shock.  If  the  hand  is  not  very 
near  the  conductor,  the  tension  of  tlie  two  electricities,  aa  much  that 
of  the  macliine  as  that  developed  in  the  body  by  induction,  becomes 
very  strong ;  and  when  it  is  sufficient  to  overcome  the  resistance 
opposed  by  the  distance  to  their  recomposition,  a  long  spark  passes, 
and  the  shock  shakes  the  whole  arm.  If,  before  turning  the  plate  of 
the  machine,  a  person  is  placed  on  an  insulating  atool, 
that  is,  a  stool  with  glass  supports,  and  he  then  places 
liis  hand  on  the  conductor,  he  will  be  electrified  at 
the  same  time  as  the  latter;  his  body  is  then  virtually 
a  part  of  the  conductor.  Another  person,  not  insu- 
lated, will  then  be  able  to  draw  sparks  from  his  body, 
end  each  one  will  tlius  receive,  at  the  same  time,  the 
sliock  which  the  discharge  produces. 

The  luminous  effects  which  the  disengagement  of 
electricity  produces  deserve  a  special  and  detailed 
study.  We  shall  return  to  this  hereafter,  when  we 
have  reviewed  the  various  methods  of  producing 
electricity;  but  we  may  now  describe  some  experi- 
ments in  which  the  production  of  the  spark  gives  rise 
to  singular  actions  of  light 

On  the  surface  of  a  glass  tube  a  number  of  little 
lozenges  of  tinfoil  are  pasted  in  a  spiral  curve,  a 
small  space  being  always  left  between  each  of  them. 
The  extremities  of  the  spiral  and  of  the  tube  are  two 
metallic  rings,  one  connected  with  the  conductor  of 
the  electrical  machine,  whilst  the  other  communicates 
with  the  gntund  by  a  chain  (omitted  in  the  figure), 
tube.  ^g  gi^Qji  j^g  ^ij^,  niacliine  is  charged,  decomposition  of 

the  neutral  electricity  of  the  first  tinfoil  lozenge  takes  place  by 
induction,  then  of  the  second  by  the  first,  and  so  on  through  the 
whole  series.  The  small  distance  causes  simultaneous  discharges, 
and  sparks  appear  at  the  Siinie  time  along  the  entire  spiral ;  the 
plienonienun  la.sts  so  loiif^  as  the  plate  of  the  machine  is  turned 
(Fig.   ■■M->).     This  is  tliu  cxpL-rinicitt  of  the  lumhwii.^  luhe. 

^iLlllilal■  hitiiiiious  ctlVits  aii'  iililaiiK'ii  lp_y  means  af  a  glass  ghibc 
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oa  the  surface  of  which  small  tin  lozenges  are  pasted  so  as  to  produce 
various  designs.  Tliis  is  the  lumitioiis  globe  (Fiy.  373),  If  on  a 
rectangular  sheet  of  glass,  bands  of  tinfoil  are  pasted  so  a=i  to  form  an 
uninterrupted  series  of  parallel  lines  as  in  Fig.  374,  a  pattern  of  any 
form  may  be  ent  on  this  ground  with  a  shaip  point.  A  spark  will 
appear  at  each  solution  of  continuity  when  tlie  extremities  of  tlie 
series  are  placed,  the  one  in  communication  with  the  conductor  of 
the  machine,  and  the  other  with  the  ground  ;  the  figure  drawn  on  the 
glass  will  111'  "Jpfn  ill  th--  fnnu  of  luminous  lines.    This  is  the  luviinoua 


sijunrc  Tlie  magic  pane  only  differs  from  the  preceding  by  the 
irregular  arrangement  of  the  pieces  of  metal  between  which  the 
electric  spark  appears :  metallic  filings  are  carelessly  thrown  on  the 
surface  of  the  glass  covered  with  gum ;  when  the  pane  is  connected 
on  one  side  with  the  machine,  and  the  other  with  the  ground,  sparks 
appear,  and  trace  out  irregular  and  serpentine  lines,  their  positions 
and  figures  changing  every  moment. 

In  the   experiments  just   described,  the   dischai^e  takes   place 
between  two  bodies  charged  with  contrary  electricities,  separated  from 


(i  .^!r!i.\'',3fiiJA. 


nertaH.-*!  Ic  >  ii'-nmnanit»ii  17  i  Tjiieac  3io''^>nipnr  ■>['  ^u«  juilegulija  at 
:ii«  nfiiiiitr.Tiij  iiwi--  -T,ii(;;i  ,<i  pmv^i  ly  :ii»*  riiilitTUUi  -isp«iriaiHit : — 
r»'i  vitiiniiinii^ar.ii'/  T-iint^.  it'  iohajuu.  iianu'Wr-  am  larqET  ■■inset 
4JVI  ".lift  iraui'^r  ir,i»ii  ir  -|u»  -*ip,  ^nuiun.  i  ;«riia  loaniirf  ic'  wruw: 
fic.  -'77 .  r.i  :ift  laris  siiifc  "W'l  jigr.ulii:  rroia.  VTnmui&^i  "if  bAiI& 
am  liz^.  iQB  :.i  dift  -wsft,  iie  icii^  m  :iK  ippw  par::,  uui  duty  ■aim- 
nuuikau  BB«p«fi6V'M7  jrich  the  imami.  ami  ■wiidi  dw  >3iiii&ii;ctir  at 
the  itiflctrifial  mai-a-.titt.  .!.»  -kviq  ^  die  nurk  ^powia.  dm  wa&^  Eiaes 
^nieiil;  in  die  ^tp^a  mhft,  niHo.  immetGaseLf  aaiaa  id  I^veL  T&u 
■fcnrfc"  in  pryinn»l  by  the  Tinlmc  'ii^nrhuiee  4f  di»  imileeides  -if  t&e 
anr,  aixl  oi^  ay  tn  ^xsanauia.  liiu^  o>>  ul  «IevacuMi  of  ump^acme  af 
tbft  «hoie  ;;3iieflait  mii.'M.  a«  wan  .is  lim:  believmi  by  Kiniiei^^.  cbe 
ffBilCig  tf  die  spDaruiii.' 
tiiemiomef>tr. 


X^v^rdiel^fla,  ic  n  saB.  aOed  Kmaiash^'i 


Tb«  «a4d<^  «xpaaii'>n  r)f  which  we  have  jost  fpokm  led  to  the 
in*'enti''>n  of  thf:  f^vAnt.  mortar  'Vvj.  ^~''t),  Xhf.  actifyo  of  vhkh  is 
flMiIy  T\ufitir\if>'A  -  wh^n  the  sparlc  paaae?,  the  ball  U  projected  to 

V'.T   '':-   ',■:'■--■■:.'   -'■'■■■  "'iV.  ■'.n-.d.:.'-.  'izr--:'.---^   Z-  :':.-:^  '.-t  eit*ri- 
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CHAPTER  III. 

LEYDEN   JAR. — ELECTRICAL  CONDENSERS. 

The  experiments  of  Cuneus  and  Miischenbroeck  ;  discorery  of  the  Leyden  jar — 
Theoiy  of  electrical  condensation ;  the  condenser  of  iEpinus — Jar  with  moveable 
coatings — Instantaneous  and  successive  discharges — Leichtenberg's  figures — 
Electric  batteries — The  universal  discharger — Apparatus  for  piercing  a  card 
and  glass — Transport  and  volatilization  of  metals ;  portrait  of  Franklin- 
Chemical  etfects  of  the  discharge ;  Volta's  pistol— Fulminating  itane. 

CUNEUS,  a  pupil  of  Muschenbroeck,  a  celebrated  physicist  of  the 
last  century,  endeavoured  one  day  to  electrify  water  contained  in 
a  wide-necked  bottle.  To  effect  this,  he  held  the  bottle  in  one  hand, 
after  having  passed  a  metal  rod  suspended  on  the  conductor  of  an 
electrical  machine  into  the  liquid.  When  he  imagined  that  the  water 
was  sutficiently  charged  with  electricity,  he  lifted  up  the  iron  wire  in 
contact  with  the  conductor  with  one  hand,  without  removing  the 
other  from  the  bottle,  and  he  immediately  felt  a  violent  shock  which 
filled  him  with  surprise.  Muschenbroeck  repeated  the  experiment  ol 
Cuneus,  but  the  shock  which  he  received  caused  him  such  fear  that 
on  conmiunicating  this  fact  (which  was  unknown  among  electrical 
phenomena  at  that  time)  to  Itcaumur,  he  told  him  that  no  inducement, 
not  even  the  offer  of  the  crown  of  France,  would  induce  him  to  receive 
another  shock.  Other  physicists,  however,  were  less  timid.  Allaman, 
Lemonnier,  Winckler,  and  the  Abb4  NoUet,  varied  the  experiment  in 
many  ways,  and  science  was  enriched  with  a  new  electrical  instru- 
ment; the  Lei/den  jar,  thus  named  from  the  place  where  the  experi- 
ment was  first  made,  in  1746.  The  following  is  the  way  in  which 
this  apparatus  is  now  constructed  : — 

A  bottle  made  of  thin  glass  has  its  bottom  and  three-quarters  of 
its  height  covered  with  a  metallic  coating,  generally  of  tinfoil ;  this  is 
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called  the  enter  coatiog  or  armature  of  the  jar.  The  interior  coating 
or  armature  is  aometiines  a  metal  lining  the  inside  of  the  jar.  Some- 
timen  the  bottle  is  Blled  with  a  quantity  of  gold  leaves  or  tinsel :  in 
Maschenbroeck's  jar,  water  was  the  conducting  body.  Lastly,  a  brass 
rod,  with  a  hook  at  one  end,  terminated  above  by  a  little  ball,  is 
passed  throngh  the  cork  which  closes  the  neck,  and  commuoicates 
with  the  inner  coating  of  the  bottle. 

To  cbaige  the  Leyden  jar  it  is  suspended  by  its  rod  to  the 
conductor  of  an  electrical  machine,  care  being  taken  to  establish,  by 


exi«iliM0l  (tlM  LejdiBjn). 


means  of  a  metal  chain,  communicatioa  between  the  ground  and  the 
outer  coating.  It  can  also  be  held  in  the  hand  by  the  latter,  and 
then  presented  to  the  conductor  of  the  machine. 

When  the  bottle  is  charged  with  electricity,  if  the  outer  and  inner 
coatings  are  connected  by  a  conducting  body,  a  discharge  takes  place, 
nccomj)anieiI  by  a  sjjark  and  explosion.  If  the  apparatus  is  held  in 
one  liiitjd  anil  the  othor  is  placed  near  the  bull,  the  distlinrge  will  jmss 
tliroiij,'h  tliu  anus  unci  l>ody,  and  we  receive  the  shock  which  frightened 
tlie  lirst  ojienitors  so  much.  If  several  persons  hold  each  utlier  hy 
the  hand,  Iwo  mid  two,  lliu-  liret  of  the  .st-rics  holding  Ih.'  I.oHIm  and 
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presentiii<;  the  rod  to  the  last  one,  ns  soon  as  contact  is  made,  the 
shock  ^vill  be  fult  at  the  same  time  by  all.  Nollet  showed  this  experi- 
ment before  Louis  XV. ;  three  hundred  French  guards  formed  the 
chain  and  simultaaeously  received  the  shock  produced  by  the  instan- 
taneous discharge  of  the  Leyden  jar. 

ISefore  describing  the  many  curious  experimeDts  which  may  be 
made  with  tliis  apparatus,  we  will  endeavour  to  give  the  theoretical  ex- 
plauation  of  the  double  phenomena  of  tlie  charge  and  discharge  of  the 
Leyden  jar.  We  may  first  observe  tliat  the 
apparatus  must  be  composed  of  two  con- 
ducting bodies,  the  exterior  and  interior 
metallic  coatings,  and  of  an  insulating 
hody,  which  separates  them — the  glusa 
bottle.  When  the  hofik  is  suspended  on 
the  electrilicd  conductor  of  a  machine,  the 
I'lectricity  of  the  tatter  passes  to  the  surface 
of  the  inner  coating,  which  is  thus  charged 
with,  say,  jiositive  electricity.  Tliis  elec- 
tricity decomposes  the  neutral  electricity  of 
the  outer  coating  by  induction,  attracts  the 
negative  electricity  to  tlie  surface  of  the 
glass,  and  rejiels  the  positive  electricity  to 
the  ground,  through  the  medium  of  the 
body  of  the  operator  or  througli  tlie  metal- 
lic chain.  Thus  two  charges  of  contrary 
electricities  are  brought  together,  which 
the  interposition  of  the  insulating  glass 
prevents  from  combining.  If  the  union 
of  these  two  electricities  is  desired,  we 
unite  them  by  any  conductor  whatsoever,  and  their  combination  is 
accompanied  by  explosion  and  a  spark.  Hitherto  it  lias  not  appeared 
necessary  to  adopt  any  other  explanation :  the  preceding  rationale  also 
accounts  for  the  phenomena  of  electrical  induction,  but  we  .shall  see 
that  it  is,  in  reality,  insufficient 

First,  the  size  of  the  spark  and  the  violence  of  the  shocks  indicate 
in  this  case  an  electrical  tension  of  on  unusual  enci^y  ;  the  accumula- 
tion of  the  two  electricities  in  such  quantity  no  longer  seems  in  pro- 
portion to  the  small  dimensions  of  the  conductors  which  comi>ose  the 
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TV  wyorfwiwiT  inrtntaH  hy  tfaia  plminat «  n^pns^nted  in  J^  3T'> ; 
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n  ■jy'j'.'i'-,  awl  "HTi  *,?.  ..1  ii^  hr'.-i'.'!.'.  a.»  r.^ar  •r^crr'-h^r  i.-.  n:av  t^e  d<«:re«i. 
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T^t  lis  suppose  that  the  plates  are  at  first  some  distance  from  each 
other,  and  let  A  be  put  in  communication  with  the  electrical  macliine. 
It  becomes  charged  with  positive  electricity,  the  tension  ending  by 
being  equal  to  that  of  the  source,  and  its  electroscope  diverges. 
Moreover,  this  tension  is  nearly  equally  distributed  over  the  two  sides 
of  the  plate  a  (Fig.  379).  Let  us  now  approximate  the  plates  A  and  B ; 
the  latter  will  be  charged  by  induction  with  negative  electricity  on 
the  side  facing  the  glass  disc,  and  positive  electiicity  on  the  other 
side,  and  its  electroscope  will  also  diverge  ;  but  if  the  communication 
of  A  with  the  electrical  machine  is  discontinued,  the  attraction  of 
the  negative  electricity  of  B  for  the  positive  electricity  of  A  goes  on 
increasing  on  the  anterior  side  of  the  plate,  and  the  electroscope  of  A 


Fio.  8W).— Charging  the  conclenser  uf  ^Epinui. 


will  again  fall  to  zero.  If  B  is  now  put  in  communication  with  the 
ground,  the  positive  fluid  escapes,  a  fresh  decomposition  is  made,  and 
the  negative  electricity  is  accumulated  on  the  anterior  side  of  this 
plate,  in  greater  quantity  than  before  ;  and  by  reaction,  the  tension  on 
the  plate  a  has  become  stronger  on  the  anterior  side  to  the  detriment 
of  the  posterior  face,  which  returns  to  its  normal  condition.  Again, 
when  the  communication  of  A  is  re-established  with  the  electrical 
machine,  a  fresh  quantity  of  positive  electricity  passes  to  a,  and  the 
condensation  will  still  increase  (Fig.  380).  The  same  series  of  opera- 
tions continued  from  time  to  time  will  produce  a  maximum  conden- 
sation on  one  or  other  of  the  platea  It  will  be  now  easily  seen  that 
the  condenser  of  ^^pinus  and  the  Leyden  jar  only  differ  in  form,  and 
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that  the  plienomena  which  can  be  observed  in  the  one  take  place  in 
the  same  manner  in  the  other.  Let  iia  inquire  next  what  part  the 
glaas  disc  plays  in  the  experiment.  Both  theory  and  experiments 
prove  tliat  a  layer  of  any  other  insulating  substance,  for  instance  a 
layer  of  air  interposed  between  the  conductors,  gives  rise  to  the  same 
phenomena ;  but  as  the  air  presents  a  more  feehle  resistance  than  the 
glass  to  tlie  opposite  tensions  of  the  contrary  electricities  accumulated 
on  the  sides  opposite  tlie  conductors,  only  a  feeble  condensatiou  would 
be  obtained.  Hence  the  necessity  of  inteqjosing  a  more  re^istin^' 
body,  like  glass  or  resin. 

Moreover,  according  to  the  numerous  experiments  of  FaraJay 
and  Matteueci,  it  lias  been  proved  that  the 
two  charges,  positive  and  negative,  are  not  only 
accumulated  on  the  surfaces  in  contact  with 
the  glass  and  with  the  coatings  of  the  con- 
densers, but  that  the  electricities  actually  pene- 
trate the  gloss  to  a  certain  deptli.  This  fact 
^^^^fe  has   been   proved   by   means   of   a  Leyden  jar. 

^^^^f]  with  moveable  coatings  formed  of  three  parts. 

I         1 1  as    represented    iu   Fig.   381.      After    charging 

i-,-_— ^'  the  whole  jar,  it  is  placed  on  an  insulator,  the 

^^■^M  inner  coating  is  raised  by  means  of  a  glass  hook, 

I  ^^1  then  the  glass  jar,  and  it  will  he  noticed  that 

^r\  ^^HV-"^  there  ia  very  little  electricity  on  the  coatings, 
^Bbj^^^HBt  whilst  the  jnr  itself  is  strongly  electrified.  Kture- 
pio,  Mi.-L«j,i™  jm-  wiui  °'^^^j  after  having  discharged  tlie  two  coatings,  if 
inovMbie  i;i»ti!ig».  jj^^y  ^^.^  ^gj^jjj  replaced  the  jar  produces  a  spark 
as  bright  as  if  the  partial  discharges  had  not  taken  place.  The 
penetration  of  the  electricity  to  a  certain  depth  into  the  insulating 
body  of  the  condensers  explains,  in  a  satisfactory  manner,  the 
secondary  discharges  of  the  Leyden  jar  ;  it  shows,  moreover,  that  the 
metallic  coatings  also  perform  the  part  of  placing  the  different  parts 
of  the  glass  in  easy  communication,  and  in  virtue  of  their  conduct!- 
bility,  the  discharge  is  made  instantaneously,  and  with  its  whole  force. 
We  will  now  describe  some  curious  experiments  which  may  he 
easily  made  with  this  condenser. 

The  discharge  of  the  Leyden  jar  can  be  made  instantaneously  or 
gradually,  without  the  danger  of  any  shock  to  the  operator. 
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The  instantaneous  diseliargo  is  made  by  meana  of  a  dischai^r 
tliis  consists  of  two  metallic  rods,  turning  on  a  common  joint,  and 
furnished  with  glass  handles  (Fig.  382).  The  handles  are  taken 
in  the  hands,  and  the  two  metal  balls  which  are  at  the  ends  of  the 
rods  are  placed,  one  near  the  ball  of  the  inner  coating,  and  the  other 
touching  the  outer  coating  of  the  Leyden  jar ;  the  discharge  is  made 
through  the  branches  of  the  discliai-ger.  Successive  discharges  are 
sometimes  made  with  the  bell  Leyden  jar,  shown  in  Fig.  383. 
The  insulated  i)eDdulum  which  surmounts  a  bell  tixed  on  a  metallic 
stand,  and  comraunicAting  .with  the  exterior  coating,  is  successively 
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nttraclod  and  then  repelled  by  the  electricity  of  the  interior  coating, 
afterwards  to  undergo  the  same  actions  from  the  other  bell.  At 
each  contact,  the  ball  takes  away  a  part  of  its  electricity,  alter- 
nately frum  the  one  and  from  the  other  of  tlie  two  coatings.  The  jar 
is  tlius  gradually  discharged  Sometimes  the  ball  of  the  pendulum 
is  made  iu  the  form  of  a  spider,  with  legs  made  of  pieces  of  silk. 

Kxperimcnts  with  the  sparkling  jar  (Fig.  384)  prove  that,  iu  the 
instuntttueuus  disciiarge,  the  electricity  conies  from  all  parts  of  tlie 
glass  to  couvei^  towards  the  point  where  the  reunion  of  the  accumu- 
lated electricities  on  the  two  coatings  takes  place.     The  e-tterior  coat- 
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ing  U  formeil,  bs  in  the  m^e  aqnare,  of  fragments  f)f  metal  6Iii^,  or 
tiiuel,  fixed  on  a  layer  of  ^m ;  and  a  band  of  metal  which  comes  oat  at 
a  little  distance  from  the  outer  coating  is  fixed  to  the  interior  coatiog. 
Wlien  the  jar  a  snEBcienlly  charged,  lines  of  fire  will  he  seen  to  wind 
ahf^at  its  snrface.  starting  from  the  point  where  the  discharge  be^ia.t 
(Fig.  384).  We  have  just  seen  that  the  Leyden  jar  is  chatted  with 
contrary  electricities  on  the  two  sides  of  the  coating ;  a  Gennaii 
physicist,   Leiclitenherg,  devised   a   very   interestii^  expoimeDt  tn 


of  I  I*jTl»ii  Jir.  Pio.  asi  -ap«k1Ing  Lij.l-n  Jur. 


prove  this.  He  took  a  cake  of  resin,  similar  to  that  of  the  electro- 
phorus,  then  charged  a  Leydcn  jar.  and  traced  on  the  cuke  with  the 
ball  some  figure,  the  letter  CI  for  example ;  he  then  reiiiaced  tho  jar, 
and  taking  hold  of  it  again,  this  lime  by  the  hook,  he  traced  another 
design  on  the  cake  with  tlie  lower  edge  of  the  jar.  He  next  pro- 
jected a  cloud  on  the  surface  of  the  cake  by  means  of  bellows  filled 
with  a  powder  formed  of  minium  and  sulphur ;  the  minium  was 
Been  tn  place  itself  on  the  parts  touched  by  the  ball,— that  is  to 
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say,  negatively  electriGed,  whilst  the  sulphur  attached  itself  to  the 
parts  charii^d  with  positive  electricity.  Figs.  385,  38C,  and  387  are 
fac-similea  of  Leichtenbei^'s  figures,  which  M.  Saint  Edme,  Demon- 
strator of  the  Physical  Lectures  at  the  Conservatoire  des  Arts  et 
Metiers,  has  kindly  prepared  for  this  work.  The  two  drawings, 
positive  and  negative,  obtained  by  the  contact  of  the  resin  with  the 


two  coatings,  are  distinguished  not  only  by  the  colour  of  the  powders 
whicli  cover  them,  but  also  by  the  form  of  the  singular  ramifications 
which  the  contrary  electricities  have  traced  on  t)ie  resin. 

To   obtain  stronger   effects   we   mu-st   increase   the   size    of  tlie 
I^ylpn  jnr. 
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Tlie  glass  jar,  with  a  large  aperture,  which  allows  tinfoil  similar 
to  the  outer  coating  to  be  pasted  within  it,  is  called  an  electrical  jar. 
Several  jars  placed  together,  as  shown  in  Fig.  388,  form  a  battery. 
All  the  interior  coatings  are  then  connected  together  hy  means  of 
metallic  rods,  proceeding  from  the  ball  of  each  of  them,  and  radiating 
towards  the  lai^est  ball  of  the  centre  jar ;  the  latter  ball  is  put  in 
communication  with  the  conductor  of  the  electrical  machine,  when 
the  battery  is  to  be  charged.  The  outer  coatings  are  connected 
together  by  contact  with  the  tinfoil,  with  which  the  inside  of  the 


(nbcig'i  npii 


box    ia   covered,   and    which  communicates   with   the   ground  by  a 
metallic  chain. 

The  electric  charge  which  these  powerful  condensers  accumulate 
nn  their  coatings  ia  very  considerable,  and  some  time  is  required  to 
furnish  tlieni.  liy  ordiiuiry  itiacliines,  with  the  electricity  tliuy  arc 
c;ipiiblt:  cf  condensing.  TIio  operation  can  be  made  more  mpid  by 
dividing  one  liatlery  into  sevenil  batteries,  each  enclosing  two  or 
three  jiirs,  and  causing  them  to  communicate,  two  and  two,  by  rod.s 
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uniting  the  interior  coatings.  The  discharges  of  electrical  batteries 
obviously  become  more  dangerous  as  the  jars  increase  in  surface  ami 
number.  A  battery  of  six  elements  of  mean  size  would  give  veiy 
strong  shocks,  sufficient  indeed  to  kill  audi  animals  as  rabbits  and 
doga.  Precautions  must  be  taken  when  they  are  discharged ;  for  this 
purpose  the  universal  discharger  (Fig.  389)  is  used,  as  well  as  for 
numerous  other  experiments.  This  apparatus  is  formed  of  two  brass 
rods,  each  terminated  at  the  one  end  by  a  ring,  to  which  a  chain  can  bo 
attached,  and  at  the  other  by  a  knob.     Tlie  rods  are  insulated  on  glass 


itchtaobeiB''  Hguru. 


supports,  and  are  moveable  on  a  joint.  The  knobs  are  directed  towanls 
a  stand,  on  which  the  body  through  which  the  dbcharge  is  to  be 
passed  is  placed.  One  of  the  chains  communicates  with  the  ground, 
and  the  other  with  an  ordinary  discharger,  by  which  the  centnd 
knob  of  the  electrical  battery  can  be  touched  without  danger. 

AVe  will  conclude  this  chapter  with  the  description  of  some  ex- 
periments which  show  the  ditferent  mechanical  and  physical  cifects  of 
electricity  accumulated  in  condensers. 
P  V 
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In  the  experiments  of  the  electric  mortat  and  Kinnersley's  ther- 
mometer, we  have  already  seen  the  mechanical  effects  which  the 
disruptive  discharge  can  produce.  The  violent  displacement  of  the 
molecules  of  the  body  interposed  between  the  two  conductors  is 
rendered  still  more  manifest  in  the  apparatus  for  perforating  a  card, 
or  a  sheet  of  glass. 

A  card  is  placed  between  two  points  with  metallic  conductors 
separated  by  a  glass  rod  (Fig.  390).  A  charged  Leyden  jar  is  then 
held  in  the  hand,  having  its  exterior  coating  in  communication  with 


[door  ^^^^I 

ley's  ther-  ^k 
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one  of  tbe  conductors  by  a  metallic  chain  ;  the  knob  of  the  inner 
coating  is  now  brought  near  the  other  conductor.  The  discharge  takes 
place  through  the  card,  which  is  found  to  be  pierced  with  a  hole  be- 
tween the  two  points.  We  do  not  know  why  the  hole  is  nearer  the 
negative  point  than  the  positive,  in  the  open  air,  whilst  this  is  not  the 
case  when  the  experiment  is  made  tn  vacuo ;  but  such  is  the  case. 

A  piece  of  glass  of  1  or  2  millimetres  in  thickness  can  be  pierced 
in  the  same  manner,  by  placing  it  horizontally  between  the  two 
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points  (Fig.  391) ;  care  mast  be  taken,  however,  to  cover  each  of  the 
metallic  points  with  oil,  to  prevent  the  electricity  from  being  difliised 
over  the  surface  of  the  glass.  After  the  discharge,  a  sniall  round  hole 
ia  found  in  the  glass ;  and  the  glass  iu  its  path  has  been  pulverized 
by  the  passage  of  the  electricity.  In  order  to  make  this  experiment 
succeed  it  ia  necessary  to  use  a  powerful  battery,  but  even  when  the 
discharge  ia  not  strong  enougli  to  pierce  the  glass  it  is  found  to  be 
altered  and  rough  at  the  point  where  the  spark  appeared. 


The  calorific  effects  of  the  electrical  discharge  are  not  lose 
interesting  than  the  mechanical  effects.  If  the  two  balla  of  the 
universal  discharger  are  united  by  a  very  fine  metallic  wire,  of 
silver  for  example,  the  wire  becomes  incandescent,  and  it  is 
melted  and  vaporized  if  the  electrical  charge  is  sufficiently  strong. 
With  the  powerful  batt«riea  of  the  Conservatoire  dea  Arts  et 
Mi^tiers,  iron  wires  several  metres  in  length  can  be  melted.  Wires 
P  P  2 
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of  the  same  diameter  and  the  same  length  require  ver;  different 
electrical  charges  to  melt  them :  iron,  lead,  and  platinnm  melt  more 
easily  than  gold,  silver,  and  especially  copper.  Fusion  is  caused 
more  readily  if  the  discharge  takes  place  in  air,  than  if  it  is  made 
in  vacuo.  If  a  gilded  silk  thread  is  placed  hetween  the  balls  of  the 
universal  discharger,  the  discharge  melts  the  gold  and  leaves  the  silk 
intact ;  and  the  particles  of  the  volatilized  metal  can  he  collected  on 
a  white  card,  on  which  the  thread  may  be  placed  before  the  experi- 
ment. A  blackish  spot  will  be  seen  on  the  card,  formed  of  very  fine 
"olatilized  powder  of  gold.     By  working  with  different  metals,  spots 
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of  various  colours  can  be  obtained,  and,  if  the  metals  used  are 
oxidizabte  at  very  high  temperatnres,  the  markings  obtained  are 
formed  of  metallic  oxides,  reduced  to  impalpable  powder.  In  the 
last  century,  Van  Marum  made  some  very  beautiful  experiments  on 
the  transport  of  metals  by  the  electrical  discharge.  Fuainieri,  having 
passed  a  discharge  between  two  balls,  one  of  gold  and  the  other  of 
silver,  observed  that  the  first  was  silvered  and  the  second  gilded 
round  the  points  between  ivliich  the  spark  appeared.  It  is  probable 
that  the  phenomena  of  which  we  have  just  spoken  are  conijilex, 
and   are   due,  at    the  same  time,    to    the   rise   of  the   tempernture 


'.  hl] 


ELECTRICAL  CONDENSERS. 


S81 


produced  hj  the  discharge,  and  to  tlie  mechanical  traDsport  of  the 
molecules. 

This  property  has  beeii  made  of  iise  to  obtain  metallic  printa 
reproducing  various  drawings.  In  lectures,  the  experiment  of  Frank- 
lin's portrait  is  Bometiuies  made.  Fig.  392  shows  a  tliick  sheet  of 
paper  iu  which  the  portrait  of  the  illustrious  physicist  is  cut ; 
layers  of  tin  are  pasted  on  each  side  of  the  sheot,  which  is  also 
covered  above  with  gold  leaf,  and  below  with  a  piece  of  white  silk. 
Aft«r  having  pressed  down  on  the  gold  leaf  the  parts  of  the  paper 
which  are  above  and  below  the  portrait,  the  whole  is  placed  iu  a 


press  (Fig,  393),  the  screws  tightened  to  render  the  contact  perfect, 
and  the  press  is  itself  placed  on  tlte  stand  of  the  universal  discharger. 
When  the  balls  of  the  discharger  are  in  contact  with  the  tin  bands 
which  extend  laterally  beyond  the  press,  the  dischai^e  is  passed 
through  it,  and  the  volatilized  gold  leaf  produces  a  blackish  impres- 
sion on  the  silk,  which  reproduces  all  the  cuttings,  and  the  drawing 
is  thus,  so  to  speak,  printed  by  electricity. 
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Tlie  fusioa  of  metallic  wires  is  a  certain  proof  of  the  rise  of 
temperature  which  accompanies  electrical  discharges,  when  they  take 
place  through  a  conductor.  Disruptive  discharges,  that  is  to  say, 
those  made  through  an  insulator  like  air,  with  the  production  of  a 


spark,  also  give  rise  to  calorific  effects,  although  on  receiving  the 
spark  with  the  finger  no  heat  is  felt.  Combustible  materials,  such  as 
gunpowder  and  ether,  are  ignited  by  sending  a  spark  through  them. 
This  experiment  was  formerly  made  in  the  following  manner: — A 


person  mounted  on  an  insulating  stool,  with  one  hand  touched 
the  conductor  of  an  electrical  machine,  while  with  the  other  he  pre- 
sented the  point  of  a  sword  at  a  short  distance  from  a  saucer  full  of 
ether  held  by  another  person.  The  liquid  ignited  immediately  on 
the  passage  of  the  spark.  Watson  succeeded  in  setting  fire  to  ether 
by  means  of  a  spark  issuing  from  a  piece  of  ice. 
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The  electrical  spark  also  produces  cfaemical  effects  of  great  interest 
If  it  ia  passed  througli  a  mixtare  of  explosive  gases,  oxygen  and 
hydrogen,  for  example,  the  czplosion  is  instantaneous.  On  tbia  fact 
is  hased  the  constraction  of  Volta's  pistol  Tigs. 
394  and  395  represent  a  section  and  exterior  view 
of  this  little  apparatus;  it  coiiststs  of  a  metal 
sphero-cylindrical  vessel,  closed  with  a  stopper  and 
filled  with  a  mixture  of  hydrogen  and  oxygen ;  a 
brass  rod  terminated  by  two  knobs  crosses  the 
lower  part  of  the  cylinder,  from  which  it  is  insu- 
lated by  a  glass  tube.  The  apparatus  being  in 
communication  with  the  ground,  the  exterior  knob  Pio.)iH.-voib>(iiirtoi. 
of  the  conductor  of  an  electrical  machine  is  brought 
near;  the  combination  of  the  two  gases  then  takes  place  with 
explosion,  and  the  stopper  is  forcibly  ejected  to  a  distance. 
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The  electrical  spark  produces  a  number  of  chemical  reactions, 
among  which  we  may  mention  the  formation  of  nitric  acid  &om 
oxygen  and  nitrogen,  the  decomposition  of  water  and  of  ammonia, 

Wa  have  already  alluded  to  the  effects  of  the  discharge  when  it 
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passes   through  the  organs  of  man  and  animals.     The   shocks   are 

much  stronyer,  and  tliey  aR'ect  a  larger  portion  of  the  body,  when 
they  proceed  from  more  powerful  charges ;  and  we  have  said  that 
it  is  dangerous  to  receive  the  chaise  of  n  battery  formed  of  even  a 
sniall  number  of  Leyden  jara.  By  means  of  the  condenser  known 
as  the  fviminating  pant,  an  experiment  can  be  made  in  which  tlie 
shock  which  the  diacliarge  produces  has  a  ainf,iihtr  and  amusing  effect. 


Pia.  3M.— FulintuUng  pnnc. 

The  fulminating  pane  is  nothing  more  than  a  rectangular  plate  of 
glass,  each  side  of  whicb  is  covered  with  tinfoil :  one  of  the  coatings 
is  insulated,  and  the  other  communicates  by  a  small  plate  with  a 
wooden  frame,  thence,  by  a  metallic  chain,  with  the  ground.  Tlie 
otiier  leaf  communicates  with  a  source  of  electricity,  and  the  con- 
denser is  thus  charged ;  if,  now,  a  person  wishes  to  pick  uj)  a  piece  of 
money  placed  on  the  upper  leaf,  he  receives  a  shock  which  crmtracts 
his  fingers,  and  prevents  him  from  taking  hold  of  it. 


I 
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CHAPTER    IV. 

THE   PILE   OR   BATTERY.— ELECTRICITY  DEVELOPED   BY  CHEMICAL 

ACTION. 

Experiments  of  Galvani  and  discoveries  of  Volta  ;  Condensinpj  Electrometer — 
Deficription  of  the  upright  pile — Electricity  developed  by  chemical  actions — 
Theory  of  the  Pile  ;  electro-motive  force  ;  voltaic  current — Electricities  of  high 
and  low  tension — Couronne  de  tasses ;  Wolkston's  pile ;  helical  pile — Constant- 
current  piles ;  Daniell,  Bunsen,  and  Grove  elements — Physical,  chemical,  and 
physiological  effects  of  the  pile — Experiments  with  dead  and  living  animals. 

TN  the  experiments  hitherto  described,  the  electricity  has  been 
•*•  developed  on  the  surface  of  the  bodies  by  a  mechanical  means ; 
such  as  friction,  pressure,  and  cleavage.  These  were  indeed  the  only 
methods  of  generating  electricity  that  were  known  at  the  end  of  the 
last  century,  when  a  fortunate  occurrence  suddenly  revealed  to  phy- 
sicists a  new  method  of  producing  the  mysterious  agent,  and  brought 
to  light  a  series  of  discoveries  of  the  greatest  interest,  not  so  much 
perhaps  in  reference  to  pure  science  as  to  practical  applications.  Two 
great  names  are  connected  with  the  origin  of  the  discovery  which 
added  so  much  to  the  science  of  electricity — Galvani  and  Volta. 

Galvani,  a  learned  doctor  and  Professor  of  Anatomy  in  the  Uni- 
versity of  Bologna,  was  one  evening,  in  the  year  1780,  very  busy  in 
his  laboratory  with  some  friends,  making  experiments  relative  to  the 
nervous  fluid  of  animals.  At  a  short  distance  from  an  electrical 
machine  used  in  the  experiments  there  were,  by  accident,  some 
freshly  skinned  frogs  destined  for  broth,  and  one  of  Galvani's 
assistants  "inadvertently  brought  the  point  of  a  scalpel  near  the 
internal  crural  nerves  of  one  of  these  animals ;  immediately  all  the 
muscles  of  the  limbs  appeared  to  be  agitated  with  strong  convulsions, 
(ralvani's  wife  was  present ;  she  was  struck  with  the  novelty  of  the 


FHTSICAL  FEXSOMESA. 


[ 


,*(^«I  J'.U?-.«     t\* 


a2id  she  dbOQg&t  tiiat  it  coneiizied  with,  tbe  (Masmgof  a 
"  ^  She  at  once  told  her  Knafaaikd,  wiu>  lwi^.pnpd  to  pnyre  tliii 
cnrioas  fiiet,  aiid  discorded  that  the  mnacslar  contnctuHis  rf  the  firog 
did  indeed  take  place  whenever  a  spazk  was  made  to  paas^  wiiibt  the j 
ceaaed  if  the  marhiTy"  waa  not  in  action. 

To  the  'Bclagnese  doctor  this  obaertatioa  was  the  stazting-point  of 
mnnefoos  experimentH,  hj  which  he  aoo^it  to  i«oTe  the  idoititjr  of 
the  nenrons  fluid  of  animab  with  electricitj.  In  17S6  he  waa  still 
Gonfinmng  this  reaearch ;  and  wishii^  one  day  to  see  if  the  inflnence 
of  atmoephem  electricitj  on  the  mnsdes  of  frogs  would  be  the  same 
as  that  of  the  electzicity  prodnced  bj  marhinfft,  he  hung  a  certain 
number  of  skinned  firogs  to  the  balcony  of  a  terrace  of  his  boose.   The 

k>wer  limba  of  these  animals 
were  hooked  on  the  ircm  of 
the  bakcmy  by  means  of  a 
copper  wire,  which  paased 
nnder  the  Inmbar  nerves. 
Galvani  noticed  with  smpriae 
that  whenever  the  feet  touched 
the  bakcmy  the  Hmbs  of  the 
frogs  were  contracted  by  sharp 
convulsions,  although  at  that 
time  there  was  no  trace  of 
a  thunder-storm,  and  conse* 
quently  no  electrical  influence 
in  the  atmosphere.  These 
facts  suggested  to  Gkdvani 
the  idea  that  there  existed 
a  kind  of  electricity  peculiar 
to  animals,  inherent  in  their  organization ;  and  that  "^the  principal 
reservoirs  of  this  animal  electricity  are  the  muscles,  each  fibre  of 
which  must  be  considered  as  having  two  surfiEices,  and  as  possessing 
by  this  means  the  two  electricities,  positive  and  negativa**  Hence, 
he  associated  the  muscular  contractions  obsen-ed  in  frogs  and  other 
animals  witli  tlie  shocks  given  by  the  discharge  of  the  Leyduu  jar. 

Alexander  Volta,   then   Professor  at   Pavia,  repeated   Galvaui's 
cxi>eriiiient8,  but  without  adoi)ting  his  explanations.      According  to 

*  P.  Sue,  "  Hiijtoire  <lu  Galvanisiiie." 


Fio.  tsn.^Omtneikm  of  tbe  moaeles  of  a  fro^ 
Bep«Ution  of  Oatnnrf  ezperime&t. 


CHAP.  IV.]  THB  PILE  OR  BATTERY.  587 


him,  the  electricity  developed  is  of  the  same  nature  as  that  produced 
by  ordinary  electrical  apparatus :  it  is  the  contact  of  heterogeneous 
metals  which  gives  rise  to  the  production  of  electricity,  one  metal 
being  charged  with  positive  electricity  and  the  other  with  negative 
electricity,  which  combine  on  passing  through  the  conducting  medium 
of  the  muscles  and  nerves. 

A  discussion  was  carried  on  between  these  two  celebrated  phy- 
sicists, a  controversy  honourable  to  both  and  particularly  profitable  to 
science,  which  by  this  means  was  enriched  by  a  number  of  new  facts. 
The  invention  of  the  wonderful  apparatus  which  received  the  name  of 
the  Voltaic  pile,  at  last  secured  the  adoption  of  the  theory  of  the 
Pavian  professor ;  although  now  Galvani's  hypothesis  on  the  existence 
of  animal  electricity  has  partly  been  established,  and  Volta's  ideas 
have  been  greatly  modified.  This  is  not  the  place  to  give  the  his- 
tory of  the  controversy  we  have  just  mentioned,  nor  of  the  various 
researches  which  accompanied  and  followed  it :  we  must  rather  confine 
ourselves  to  the  description  of  the  principal  phenomena  which  relate 
to  this  branch  of  electricity,  and  to  an  account  of  the  explanations 
now  given  of  them. 

We  have  seen  that  Volta  thought  that  the  putting  in  contact  of 
two  different  metals  was  sufficient  to  produce  electricity;  and  for  the 
purpose  of  studying  the  circumstances  of  this  production  he  invented 
an  electroscope  more  sensitive  than  the  gold-leaf  electroscope,  which 
consists  of  this  latter  with  the  conducting  rod  surmounted  by  a  con- 
densing plate  (Fig.  398).  Taking  a  plate  formed  of  two  pieces  of  copper 
and  zinc  soldered  together,  he  placed  the  copper  in  contact  with  one  of 
the  condensing  plates,  whilst,  with  the  finger,  the  other  plate  was  put  in 
communication  with  the  ground ;  as  soon  as  the  communications  were 
broken,  the  gold  leaves  diverged,  and  he  found  the  lower  plate  to  be 
charged  with  negative  electricity.  Volta  concluded  from  this  expe- 
riment that  the  simple  contact  of  the  two  metals  was  sufficient  to 
develop  negative  electricity  on  the  copper,  the  presence  of  which  was 
shown  by  the  electrometer ;  and  positive  electricity  on  the  zinc,  which 
escaped  into  the  ground  through  the  body  of  the  observer.  He  was 
confirmed  in  this  idea  by  the  fact,  that  after  many  attempts,  at  first 
unsuccessful,  he  proved  the  presence  of  positive  electricity  in  the  zinc 
on  touching  the  plate  of  the  apparatus  with  that  metal  Indeed,  he 
deceived  himself;  for  to  obtain  this  result,  he  was  obliged  to  interpose 
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fc<tv<<»  *Jbh  zta^  and  tius  ciispper  pljce  &  p%«!e  of  <:IudL  scAksil  m 
jMi^kc^  'w:i£^,  la  tLeae  tstvjcu  obsKTsifiii^QS  YovTa  did  boc  oJce 
mt/>  ftccrifint  th«  <^/ft:u^  ^j^  tike  fia»s.  ahnmi  m^re  cr  Leas  dimp.  wish 
Uk;  zixv;;,  a  rerr  oxxdiiable  BKtal :  nor,  in  Hut  secoai  expccmaLi,  tiie 
iflrihseiic^  <!>f  th^  acidolkSed  w«t€r  on  tiie  saaK  ziKtaL  Ho^eT^  thk 
Dfiaj  >i^,  h^  ^AzoiaZfA  zxan  Hut  trmt^tt  ol  tvo  dJiyimfLtf  mecak,  and  of 
anj  t  v#>  bet^rm^ietKOQS  Ijodies  in  ^enesal,  gnrcs  lise  to  tike  dsrelopEikent 
c^  a  fc«*;i!r  vbkh  Ik  calkd  d^^r^wM^m /^Tee,  becan^  it  is  oftpj^d  to 
tbi!;  ^I'WilK&atko  of  the  opfomie  decakitks  pfodnoed  oo  each  of  these 
bcidiea  hjr  the  er>ntact  of  their  mzbee%.  Althmigh  these  theoretical 
rievi  are  now  known  to  be  inexact,  the  fact  which  ther  were  adduced 
to  exfJain  wa9  Teal ;  and  this  raggetted  to  the  illnstiioiiis  phjisicist  the 

eomtniction  of  an  apparatus  which 
has  been  justlr  considered  as  the 
chief  discorerj  of  physical  science 
in  modem  times — we  allade  to  the 
pile  which  bears  his  name,  the 
Voltaic  pQe  or  battery,  indented 
in  18<». 

The  constmction  of  this  apparatus 
is  as  simple  as  it  is  wonderful 

Two  superposed  discs,  one  of  cop- 
per and  the  other  of  zinc,  form 
what  Volta  called  an  eUdro-moiive 
ompU;  a  certain  number  of  these 
couples  are  placed  one  on  the  other, 
in  such  a  manner  that  the  two 
mfftals  are  always  placed  in  the  same  order,  the  copper  at  the  bottom 
and  the  zinc  at  the  top ;  moreover,  each  pair  of  couples  is  separated  by 
a  disc  of  cloth  soaked  in  acidulated  water.  The  entire  number  of  these 
couples,  forming  a  cylindrical  column  or  pile,  is  supported  between 
three  glass  columns,  and  rests  on  an  insulating  glass  disc  fixed  to  a 
wooden  stand.  Such  is  the  pile  as  constructed  by  Volta  and  as  it  is 
constructed  at  the  present  day,  with  the  exception  of  a  modification 
whicli  will  1k»  .sj>oken  of  x^resently.  The  following  are  some  of  its 
projx^rtirjs  : — From  end  to  end  of  the  cylindrical  column,  each  couple 
w  (hiiv^fA  with  electricity — positive  electricity  on  the  zinc,  and  nega- 
tive  on  tlif  copper — oi  which  we  may  assure  r»urselves  hy  the  aid  of 
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a  condensing  electrometer.  But  the  electrical  tension  varies  according 
to  the  distance  of  each  couple  from  the  extremities  of  tlie  pile :  at  the 
centre  this  tension  is  nil;  thence  the  negative  tension  increases  to  tlie 
lower  couple,  and  the  positive  tension  increases  equally  to  the  top 
couple.  The  greater  the  number  of  elements  or  couples,  tlie  greater 
the  tension  of  the  electricity  at  the  extremities  of  the  pile. 

In  the  pile  constructed  by  Volta,  and  arranged  as  we  have  said, 
a  copper  disc  forms  the  lower  extremity,  whilst  the  upper  is  termi- 
nated  by  a   zinc   disc.      Tliese  two  discs  are   omitted  in  the  pile- 


coltmins  as  constructed  in  the  present  day,  for  the  following  reason : — 
Volta  believed  that  the  real  electro-motive  conple  was  the  assemblage 
of  the  two  metals,  zinc  and  copper,  in  contact,  and  that  the  disc  of 
damp  cloth  served  simply  as  a  conductor.  It  has  since  been  proved 
that  the  electro-motive  force  is  produced  at  the  contact  surface  of  the 
damp  cloth  and  the  ziuc,  under  the  influence  of  the  chemical  combi- 
natioD  of  the  metal  and  the  acid ;  the  true  couple  is  therefore  formed 
of  the  zinc  and  copper,  separated  by  the  liquid  with  which  the  cloth 
is  soaked.    Herefore  the  copper  disc  of  the  lower  extremity,  and  the 
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zinc  of  the  upper  extremity,  are  useless,  and  are  hence  omitted.  After 
the  omission,  the  electrical  tensions  remain  distributed  as  before, — 
that  is  to  say,  the  tension  is  negative  on  the  lower  zinc  and  positive 
on  the  upper  copper ;  whence  the  names  negative  pole  and  positive 
pole  which  have  been  given  to  the  two  extremities  of  the  pile. 

If  the  two  poles  of  the  pile,  thus  constructed  and  charged,  are  put 
into  communication  by  means  of  a  conducting  body,  the  two  contrary 
electricities  combine,  and  at  the  moment  of  contact  a  discharge  takes 
place.  For  instance,  on  touching  the  positive  pole  with  one  hand, 
and  the  negative  i)ole  with  the  other,  a  shock  is  felt  similar  to  that 
given  by  the  Leyden  jar ;  then  if  contact  is  continued,  a  peculiar 
sensation  of  heat  and  trembling  is  felt.  K  the  two  poles  are  united 
by  two  metallic  wires,  soldered  one  to  the  copper  end,  and  the  other 
to  the  zinc  end,  a  spark  is  produced  at  the  moment  when  the  wires 
touch  each  other ;  but  after  this  partial  discharge,  the  pile  immediately 
re-charges  itself,  and  the  same  phenomena  can  be  reproduced  for  a 
length  of  time.  It  is  this  property  of  furnishing  electricity  in  a 
continuous  manner  which  characterizes  this  valuable  instrument,  and 
gives  rise  to  the  various  effects  which  we  shall  presently  describe. 

Since  the  time  of  Volta  the  pile  has  been  modified,  and  it  is  now 
constructed  under  various  forms,  the  most  important  of  which  we 
shall  describe  ;  but  as  all  these  instruments  are  foimded  on  the  same 
principle,  viz.  that  of  the  production  of  electricity  by  chemical  action, 
it  is  necessary  to  show  by  experiment  the  truth  of  this  principle :  this 
we  shall  now  do. 

If  we  plunge  a  copper  plate  into  a  glass  vessel  containing  nitric 
acid  diluted  with  water  (Fig.  400),  and  place  the  plate  in  communica- 
tion with  the  lower  plate  of  the  condensing  electrometer,  whilst  the 
liquid,  as  well  as  the  upper  plate,  communicate  with  the  ground,  we 
observe,  as  soon  as  the  two  plates  are  separated,  that  the  gold  leaves 
diverge,  and  the  apparatus  is  charged  with  negative  electricity.  If 
the  order  of  the  communications  is  changed,  and  we  connect  the  acid 
by  means  of  a  metallic  wire  with  the  lower  plate  of  the  condenser, 
w^hile  the  other  plate  and  the  sheet  of  copper  communicate  with  the 
ground,  the  apparatus  will  be  charged  with  positive  electricity.  If,  in 
place  of  the  copper,  a  metal  is  substituted  which  nitric  acid  does  not 
attack,  platiuiiiii  for  instance,  no  electricity  will  be  disengaged. 

Similar  results  are  obtained,  that  is  to  say,  a  more  or  less  energetic 


CHAP.  IV.] 


THE  PILE  OR  BATTERY. 


591 


disengagement  of  electricity  results,  if  we  excite  chemical  action 
between  two  bodies.  Two  solutions,  one  alkaline  and  the  other  acid ; 
or,  again,  two  salts,  one  acid  and  the  other  neutral  or  alkaline,  brought 
into  contact,  produce  electricity,  which  is  positive  on  the  body  playing 
the  part  of  acid,  and  negative  on  that  which  plays  the  part  of  base. 

Such  is  the  principle  of  the  theory  actually  adopted  to  explain  the 
effects  of  the  voltaic  pile ;  and  this  accounts  for  the  results  obtained 
by  this  illustrious  physicist,  and  for  the  experiments  by  which  he  tried 
to  demonstrate  that  a  single  contact  of  two  heterogeneous  bodies  suffices 
to  generate  the  electro-motive  force.  When  the  copper  and  zinc  plates 
were  caused  to  touch  one  of  the  plates  of  the  condensing  electrometer, 
he  did  not  observe  that  the  cause  of  the  disengagement  of  elec- 
tricity was  the  chemical  action  which  exerted  itself  between  the 
oxidizable  zinc  and  the  moist  hand. 
The  electrical  development,  which 
the  divergence  of  the  gold  leaves 
afterwards  proves,  must  be  attri- 
buted to  the  oxidation  of  the  metal, 
not  to  its  contact  with  the  copper 
which  plays  the  part  of  a  simple 
conductor.  Therefore  the  real  vol- 
taic couple  is  not,  as  we  have 
already  said,  the  association  of  the 
two  zinc  and  copper  discs,  but 
rather  the  zinc,  an  attackable  metal, 
and  the  layer  of  acid  with  which  the 
cloth  disc  is  soaked.    The  copper  is 

simply  a  conductor,  on  which  the  developed  positive  electricity  in  the 
acid  accumulates,  whilst  the  zinc  collects  the  negative  electricity. 
Volta  perfectly  proved,  and  this  fact  is  independent  of  his  hypothesis, 
that  the  tension  of  each  kind  of  electricity  in  the  pile-column  in- 
creases as  the  two  poles  are  approached.  When  these  poles  are  put 
in  communication  by  two  metallic  wires,  that  is  to  say,  conductors, 
the  phenomena  of  tension  disappear,  and  the  pile  is  discharged ;  but 
in  proportion  as  the  recombination  of  the  two  electricities  takes  place, 
the  productive  cause,  which  is  the  chemical  action  of  the  sulphuric 
acid  on  the  zinc,  continues  to  act,  and  the  pile  thus  becomes  a 
constant  source  of  electricity,  so  that  it  is  possible  to  assimilate  this 


Fio.  400.— Electricity  <l«*veloped  by  chemical 

action. 
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action  \/>  an  incessant  flowing  of  the  two  kinds  of  electricity,  negative 
electricity  towards  the  positive  pole,  and  positive  electricity  towards 
the  negative  pole,  through  the  interpolar  wire  These  two  currents 
evidently  pass  in  contrary  directions  through  the  couples  themselves. 

It  is  a'^ual  to  give  a  direction  to  this  double  current,  considering 
only  the  movement  of  the  positive  electricity.  This  is  called  the 
curr€P^t  oftke  jpHe^  the  direction  being,  as  we  have  just  seen — and  it  is 
important  to  remember  this — from  the  negative  to  the  positive  pole 
in  the  interior  of  the  pile,  and  from  the  positive  to  the  n^jative  pole 
in  the  portion  of  the  circuit  formed  by  the  connecting  wires,  whicdi 
are  sometimes  called  rtaphorru^  or  carriers  of  the  current 

We  will  now  speak  of  the  difference  in  the  phenomena  of  electri* 
city,  as  we  have  studied  them  in  the  electrical  machine  and  Leydea 
jar,  and  those  shown  by  the  voltaic  pile.     In  the  first  apparatus,  the 
electricity  developed  remains  at  rest  on  the  surface  of  the  conductors, 
which  has  gained  for  it  the  name  of  itaiic  tUdridiy.     On  the  other 
hand,  the  electricity  which  is  constantly  produced  in  a  pile  and  passes 
through  the  conductors,  is  electricity  in  motion,  whence  the  name 
dynamic  eUdrieity.    Nevertheless,  if  we  analyse  more  closely  these 
two  classes  of  phenomena,  it  is  evidently  preferable  to  characterixe 
them  in  a  different  manner.    When  we  unite  by  the  help  of  a  con- 
ductor the  contrary  electricities  which  have  accumulated  on  the  two 
coatings,  interior  and  exterior,  of  a  Leyden  jar,  there  is  also,  as  in  the 
pile,  an  electric  current ;  but  this  current  lasts  but  a  moment,  because 
the  cause  which  developed  the  electricity  no  longer  exists.    In  the  pile, 
the  renewing  of  the  electricity  takes  place  in  proportion  to  the  re- 
composition,  and  the  current  is  continuous.   Moreover,  the  phenomena 
produced  under  these  two  conditions  have  a  very  great  analogy,  and 
the  differences  which  they  present  result  mainly  because,  in  the  first 
case,  the  electricities  which  combine  with  each  other  are  at  very  high 
tension,  while,  in  the  second  case,  they  gain  in  continuousness  what 
they  lose  in  intensity.     It  is  now  considered  preferable  to  substitute 
for  the  names  which  we  have  just   mentioned,  those   of  electricity 
of  high  tension,  which  is  that  of  the  ordinary  electrical  machine,  and 
thdricity  of  low  tension,  which  is  the  electricity  of  the  pile. 

Volta's  pile  has  received  various  forms,  devised  with  a  view  of 
rendering   it   more    convenient,  and  more    especially  to  increase  its 
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eaergy.  In  the  original  column  pile,  the  energy  w  diniinisbed  hy 
the  escape  of  the  liquid  which  the  weight  of  the  superposed  elements 
causes  to  ooze  to  the  outside ;  this  produces  secoudary  outer  currents 
at  the  expense  of  the  priucipal  current.  In  the  various  foruiH  of 
batttry  we  are  about  to  describe,  the  principle  is  precisely  the  same 
as  that  of  the  voltaic  pile. 

The  trough  pile  inveuted  hy  Cruikshank  is  formed  of  p1at«a  of 
zinc  and  copper  soldered  together,  ami  arranged  parallel  to  each 
other  in  a  wooden  box  or  trough.  The  elements,  insulated  by 
mastic  or  resin,  are  separated  into  compartments,  which  are  filled 
with  acidulated  water  when  the  pile  is  alrout  to  be  used.  By 
this  arrangement  secondary  currents  are  no  longer  produced. 


Imagine  a  series  of  caps  or  glasses  filled  with  acidulated  water, 
and  arched  plates  formed,  in  one  case  of  copper,  and  in  the  other  of 
;!inc,  the  extremities  of  which  are  inserted  in  the  liquid  of  two  con- 
secutive glasses,  so  that,  in  each  of  these,  there  are  two  plates,  one  of 
copper,  aud  the  other  of  zinc.  On  uniting  by  two  metallic  wires  or 
reophores  the  copper  and  zinc  plates  of  the  extreme  vessels,  we  have 
the  cup  pile  invented  by  Volta,  which  is  also  called  the  crown  jnle, 
because  the  elements  are  genemlly  arranged  in  a  circle,  as  shown 
in  Fig.  401.  Wollaston  devised  the  following  arrangement : — A  rect- 
angular sheet  of  copper  is  curved  in  such  a  manner  as  to  envelojtc 
within  it  a  zinc  plate,  from  whicli  it  \s  separated  above  and  belotv 
*i  4 


fHYHlCAL  PUESOMESA. 


[book  ti. 


by  pieces  of  wood.  A  baod  of  copper  is  soldered  to  the  npper  part  of 
the  zinc,  and  bent  on  both  sides  at  right  angles,  so  as  to  connect  the 
<;op[ier  plate  of  the  next  element ;  lastlv,  all  these  bands  are  fixed 
to  a  cro$3-piece  of  woo<I,  which  can  be  raised  or  lowered  at  will, 
together  with  all  the  elements.  Vessels  filled  with  acidulated  water 
are  placed  under  each  element ;  by  lowering  the  cross-piece  the  pile 
can  be  worked  (Fig.  402'.  The  advantage  of  Wollaston's  pile,  besides 
the  facility  for  working  it,  is  the  great  extent  of  zinc  surface  in 
contact  with  the  acid. 

We  may  mention  also  the  piles  of  Muncke,  and  of  Oersted,  and 
the  spiral  pile  which  was  invented  by  Hare;  the  latter  has  great 
surface  with  small  bulk.     It  is  formed  of  two  long  wide  bands  of 


^ 


cupper  and  zinc,  which  are  Iwih  wound  round  a  wooden  cylinder ;  but 
th(!  two  consecutive  spimls  of  the  two  metals  are  insulated  by  rods  of 
wood  or  pieces  of  cloth.  The  whole  is  immersed  io  a  pail  full  of 
acidulated  water,  when   the  pile  is  about  to  be  used. 

In  the  piles  just  described  the  electrical  current  is  variable ;  at  the 
commencement  of  the  action  its  intensity  is  as  great  as  possible  ;  but 
different  cau.ics  tend  to  progressively  diminish  the  energy.  Under 
tlic  influence  of  the  current,  water  partially  decomposes ;  the  hydrogen, 
ou';  ill'  111"  uM^fs  wliiuh  f(.in|">^e  it,  is  disengaged  on  the  zinc  as  well 
as  nil  tii-  rn[,,„.r,  and  forms  on  the  sufuce  of  tlic  nn-tal  a  gaseous 
fitratiiiii,  wlii.  I,  iliiiiini,lit.-s  the  LJiemi.Ml  aetinu.  I'iUtial  currents  are 
aNu   \.,\-w..\   wlii-li   iiil.>ifr.v   iimru  or  \'-^-^  wiili   the  electricity  dis- 
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en<5aged,  and  tlms  weakeii  the  interpoiar  curreut.  Lastly,  as  l>y  tlie 
very  fact  of  the  chemical  reactions  there  is  combination  of  oxiitc  of 
zinc  with  sulphuric  acid,  producing  a  salt,  sulphate  of  zinc,  it  is 
evident  that  the  liquid  is  more  and  mure  impoverished  as  regards 
acid.  Endeavours  liave  been  made  to  render  the  currents  of  the 
piles  constant,  by  luodifying  the  construction  of  the  electro-motive 
couples.  Hence  the  constant  current  piles,  which  are  distinguished 
from  variable  current  piles  principally  by  the  placing  of  each  ele- 
ment of  the  couple  in  contact  with  a  particular  li<|HiiI,  to  prevent 
the  formation  of  heterojtencous  deposits  on  each  of  them. 


The  batteries  most  cmphiycd  an;  lliosc  of  ll.inicU,  Bniisen,  and 
(irove.  Till'  electro-motive  couple  of  Haniell'.-^  pile  is  represented  in 
Fig.  404.  It  consists  of  two  vcssel.-i,  the  outer  one  of  glass  or 
earthenware,  and  the  other,  placed  within  the  first,  of  porous  earth. 
Between  the  two  vessels,  water  acidulated  with  sulphuric  acid  is 
poured,  and  in  the  jiorous  vessel  a  solution  of  sulphate  of  copper. 

In  the  first  li^juid  a  wide  plate  of  amalgamated  zinc,  of  cylin- 
drical form,  is  immersed,  and  in  the  other  a  copper  cylinder.  Tlie 
following  is  the  manner  in  which  the  disengagement  of  the  two 
electricities  takes  place  on  the  copper  and  zinc. 

Water  is  decomposeil ;  its  oxygen  attacks  the  zinc  and  forms  oxide 
of  zinc,  which  combines  with  the  sulphuric  acid  of  the  liquid  of  the 
y  «  2 
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outer  vessel;  the  zinc  acquires  a  negative  electric  tension. 
hydrogen  of  the  water,  passing  through  the  porous  vessel,  attacks  the 
sulphate  of  copper,  the  oxide  of  which  is  decomposed  ;  and  the  copper 
is  precipitated  in  the  metallic  state  on  the  cylinder  of  the  same  metal, 
which  acquires  a  positive  electric  tension.  E:ich  reaction  engenders 
a  current,  the  first  from  the  zinc  to  the  acid,  the  second  from  the 
copper  to  the  solution  which  surrounds  it.  Tlie  electro-motive  force 
of  Darnell's  couple  is  the  resultant  of  these  two  contrary  forces.  The 
final  current  is  not  of  great  strength,  but  it  remains  sensibly  constant 
if  the  precaution   has  been  taken  to  place  crystals  of  sulphate  of 
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copper  in  the  porous  vessel.  The  zinc  and  copper  keep  their  surfaces 
intact  without  any  deposit  of  foreign  matters. 

Eunsen's  couple  is  arranged  like  that  of  Baniell's,  but  the  copper 
cylinder  is  replaced  by  one  of  gas  retort  carbon,  and  the  solution  of 
sulphate  of  copper  by  nitric  acid.  Bunsen's  couple  is  preferable  to 
Daniell's  on  account  of  the  strength  of  the  current,  hut  it  ia  iofeiioi 
in  being  less  constant. 

Grove's  battery  is  constructed  as  follows : — A  vessel  composed  of 
any  material  not  attacked  by  sulphuric  acid  is  partially  filled  with 
that  acid  diluted  in  the  proportion  of  one  acid  to  eiglit  water.     In 
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this  vessel  is  inserted  a  zinc  plate  wliich  is  curved  in  the  form  of 
an  t7.  Into  this  U  is  inserted  a  porous  vessel  containing  nitric 
acid  and  a  plate  of  platinum.  The  platinum  of  one  cell  is  connected 
with  the  zinc  of  another,  and  so  on.  This  battery  is  one  of  very 
great  power. 

By  uniting  several  similar  couples  by  their  contrary  poles, 
Baniell's,  Bunsen's,  and  Grove's  batteries  are  formed,  the  strength 
being  proportional  to  the  number  of  elements  tbus  united.  TIiu 
negative  pole  in  both  piles  is  the  zinc  of  the  lust  element ;  and  the 
positive  pole  the  last  copper  in  Daniell's  pile,  or  the  lost  platinum 


plate  in  Grove's,  or  the  last  carbon  in  Bunsen's   pile,  as  shown  in 
Fig.  4U6. 


We  may  now  describe  some  of  the  more  remarkable  phenomena 
which  give  rise  to  the  production  of  electricity  of  low  tension ;  that  ia 
to  say,  of  electricity  produced  by  voltaic  piles  under  the  influence  of 
chemical  action.  Heat,  light,  chemical  combinations  and  decomposi- 
tions, nervous  sliocks  and  various  physiological  effects,  are  among  the 
various  order  of  phenomena  which  are  manifested  by  the  wonderful 
apparatus  witli  which  Volta,  sixty-eight  years  ago,  enriched  science. 
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Tfae  calorific  efTecta  of  piles  are  mnch  more  iottfiise  tlian  those 
obtained  by  the  dischar^  of  electrical  apparatus  at  high  t^osioa,  as 
the  following  experiments  will  show  :  if  the  circuit  of  a  few  couples 
of  Wollaston's  batt«i^'  la  closed,  by  connecting  the  reophores  wiih  a 
metallic  wire  of  small  diameter  and  a  few  centimetres  in  length,  the 
wire  becomes  heated  under  the  iuflueace  of  the  cmrent  which  passes 
through  it,  soon  it  acquires  a  red  heat,  then  melts,  and  is  volatilized. 
With  a  pile  of  21  of  Wollastou's  elements,  platinum  wins  of  5  milli- 
metres in  diameter  and  7  centimetres  in  length  can  l)e  melted.  The 
constant  current  piles  are  more  powerful  still ;  with  50  of  Bunsen's 
elements  iron  or  steel  wires,  more  than  yu  centimetres  in  length 
and  of  the  size  of  a  knitting  needle,  fuse  and  bum,  sending  out 
brilliant  sparks   in  all   directions.     The   size   of  the   elcmeuts   has 
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more  influence  on  the  intensity  of  the  heat  elTects  than  the  number 
of  couples  used.  Davy  fused  various  metals,  and  obsen-ed  the  curious 
phenomena  of  coloration  which  proceed  from  the  combination  of 
metals  with  oxygiMi  by  the  use  of  a  battery  possessing  large  surface. 
Iron  burns  with  a  red  light;  zinc  gives  a  flame  of  a  bluish  white  ; 
gold,  yellow ;  silver,  white,  with  a  greenish  tint  on  the  edges  ;  copper, 
green ;  tin,  purple ;  lead,  yellow  ;  platinum  alone  melts  without  being 
oxidized,  and  falls  in  drops  of  dazzling  brightness. 

We  have  seen  that  different  metal.s  do  not  conduct  electricity 
i'.|urilly  well  ;  tlnisi-  wliirli  ..llVr  to  the  CUiTcnt  tiir-  givat,>st  resislanw 
Irtrroiii..  hciilc'd  In  tli.-  '•yi-.w.>.-^\.  cxti-iit.     If  «!■  tiikc  two  win'.s  -if  c.]ua] 
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best  conducting  metal.  This  fact  has  been  proved  by  forming  a 
metallic  chain  of  links  which  are  alternately  silver  and  platinum,  and 
by  attaching  the  two  extremities  of  the  chain  to  the  reophores  of  a 
pile;  when  the  current  passes,  the  platinum  begins  to  redden,  ])ecomes 
incandescent,  and  even  melts,  whilst  the  silver  remains  unchanged. 
The  conductibility  of  this  last  metal  for  electricity  is  100,  whilst  that 
of  platinum  is  only  8.  It  is  for  this  same  reason,  that  is  to  say,  on 
account  of  the  different  resistance  ofl'ered  to  the  passage  of  the  same 
current,  that  two  wires  of  the  same  metal  and  unequal  diameter  heat 
unequally ;  as  the  larger  offers  less  resistance,  it  consequently  heats 
less  than  the  smaller.  When  a  metallic  wire,  raised  to  a  red-heat  by 
the  voltaic  current,  is  plunged  into  water,  the  incandescence  ceases, 
which  is  but  natural,  since  it  transfers  })art  of  its  heat  to  the  liquid, 
but  a  curious  experiment  of  Davy's  proves  that  this  phenomenon  has 
also  another  cause.  Having  made  a  metallic  wire  red-hot  by  means  of 
the  voltaic  pile,  he  cooled  a  portion  of  the  wire  by  touching  it  with  a 
piece  of  ice ;  immediately  the  part  not  touched  was  raised  to  a  white 
heat  and  melted,  which  fact  receives  the  following  explanation : — Tlie 
cooling  diminishes  the  resistance  of  the  wire,  and  thus  increases  the 
intensity  of  the  cunent,  which  then  becomes  strong  enough  to  melt 
the  portion  of  the  wire  which  the  firet  intensity  had  only  raised  to 
redness.  In  the  case  of  the  wire  immersed  entirely  in  water,  the 
incandescence  of  which  ceases,  the  phenomenon  is  c<>ni])lete  ;  there  is 
the  cooling  by  contact  with  the  water,  diminution  of  the  resistance  of 
the  wire  and  increase  of  the  intensity  of  the  current ;  and  these  two 
last  causes  produce  contniry  effects. 

Voltaic  batteries  produce  electricity  at  low  tension  ;  it  is  therefore 
not  astonishing  that  the  reunion  of  the  reophores  of  a  charged  pile 
does  not  produce  a  spark,  or,  at  least,  only  a  small  one.  Ihit  if  a  very 
powerful  i)ile  is  used,  composed  of  a  great  number  of  elements,  and  if 
instead  of  closing  the  circuit  by  placing  the  wires  in  contact  a  snuill 
space  is  left  between  their  extremities,  sparks  will  appear  close  upon 
each  other,  which  form  a  continuous  light  if  the  two  wires  ai-e  termi- 
nated by  charcoal  points.  This  continuous  light  is  known  as  the 
voltaic  arc.  Davy,  with  a  pile  of  2,0(M)  couples,  each  having  4  square 
decimetres  of  surface,  obtained  a  dazzling  light,  which  appeared  in  a 
continuous  manner  in  the  space  between  two  charcoal  points.  The 
space  was  at  first  only  half  a  millimetre;  but  the  light  once  jaoduceil 
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he  could  separate  the  coal  points  to  a  distance  of  11  millimetres.  He 
then  saw  a  phenomenon  of  great  beauty.  The  electric  light  spread 
itself  between  the  two  electrodes  in  the  form  of  an  arch,  the  convexity 
being  above,  and  of  such  intense  brightness  that  the  eye  could  scarcely 
endure  it.  In  vacuo  the  length  of  the  arc  is  greater  than  in  air. 
Since  the  time  of  Davy,  the  production  of  the  voltaic  arc  has  been 
rendered  more  easy,  and,  thanks  to  the  induction  apparatus  which  we 
shall  describe  in  a  succeeding  chapter,  it  has  also  been  employed 
for  lighthouses.  The  arc  develops  a  heat  of  extreme  intensity; 
metals  melt  in  it  like  wax  in  the  flame  of  a  lamp. 

The  most  refractory  bodies  have  been  melted  and  volatilized  by 
M.  Despretz,  at  first  with  a  pile  of  600  couples,  then  by  using  an 
induction  apparatus.  Oxides  of  zinc  and  iron,  lime,  magnesium  and 
aluminium  were  reduced  to  globules ;  graphite,  volatilized,  deposited 
a  dust  on  the  electrodes  which,  when  examined  with  the  microscope, 
appeared  as  very  small  octahedral  crystals :  with  this  powder,  rubies 
have  been  polished ;  it  has  therefore  been  concluded  that  the  graphite 
— which,  like  the  diamond,  is  of  pure  carbon — hftd  been  crystallized 
under  the  influence  of  the  intense  heat  of  the  arc,  and  changed  into 
very  small  diamonds. 

The  chemical  eflects  of  the  pile  present  the  greatest  interest 
Decomposition  of  water  is  one  of  the  most  important  To  effect 
this  the  apparatus  represented  in  Fig.  407,  called  a  Voltameter, 
because  the  quantities  of  water  decomposed  in  a  given  time  by  the 
voltaic  current  serve  to  measure  the  intensities  of  these  currents,  is 
employed.  It  consists  of  a  glass  vessel,  the  bottom  of  which  is 
covered  with  mastic  and  pierced  by  two  platinum  wires  which  unite 
at  the  extremities  of  the  reophores  of  the  pile;  the  vessel  is  filled 
with  water,  with  the  addition  of  a  few  drops  of  sulphuric  acid,  which 
renders  the  liquid  a  better  conductor.  Two  graduated  glass  tubes 
cover  the  platinum  plates.  When  the  current  passes,  bubbles  of  gas 
are  seen  to  be  disengaged  round  the  plates  and  to  rise  to  the  top  of 
each  tube.  One  of  these  gases  is  hydrogen,  the  other  oxygen,  and 
the  volume  of  the  first  is  always  double  that  of  the  second.  More- 
over the  disengagement  of  the  oxygen  always  takes  place  from  the 
phite  Avhicli  is  attaclied  to  the  reophore  of  the  positive  pole,  whilst 
tlie  liydrogen  is  disengaged  at  the  negative  pole. 

I>y  the  aid  of  the  pile,  Davy  succeeded  in  decomposing  the  oxides 
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of  the  alkaline  metals,  potasli  for  example,  from  which  resulted  a  new 
metal,  potassium.  A  great  mauy  other  chemical  compounds,  acids 
and  bases,  have  been  resolved  into  their  elements  by  the  influence  of 
the  voltaic  current,  and  chemistry  possesses  in  it  a  new  and  powerful 
means  of  analysis.  We  may  mention  as  another  example  of  de- 
composition, that  of  a  metallic  salt;  we  shall  see  presently  the 
importance  of  the  applications  which  the  arts  have  made  of  this 
mode  of  electrical  motion. 

The  salt  known  in  chemistry  as  sulphate  of  copper,  is  a  compound 
of  two  binary  combinations ;  on  the  one  hand,  sulphuric  acid,  and  on 
the  other,  protoxide  of  copper.  Sulphur  and  oxygen  form  sulphuric 
acid ;  copper  combined  with  the  same  gas,  oxygen,  forms  the  metallic 
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oxide.  Lot  us  examine  how  the  separation  of  these  elements  can 
be  made  under  the  uifluence  of  electricity  disengaged  from  the 
reopbores  of  a  pile. 

In  a  vessel  which  holds  a  solution  of  sulphate  of  copper,  two 
platinum  plates  attached  to  the  reopbores  of  the  pile  are  immersed. 
Under  the  influence  of  the  electric  current,  bubbles  of  oxygen  are 
seen  to  be  disengaged  around  the  plate  which  corresponds  to  the 
positive  pole — this  is  called  the  posUive  electrode — and  the  copper  is 
deposited  in  a  metallic  state  on  the  surface  of  the  plate  which  forms 
the  negative  electrode.  Thus  the  salt  has  been  decomposed;  its 
liase,  separated  from  the  acid,  is  itself  decomposed  into  oxygen  and 
copper :  as  the  sulphuric  acid  became  free,  it  was  carried  towards  the 
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positive  electrode-  We  may  satisfy  ourselves  of  this  by  testing  with 
litmus  paper  different  parts  of  the  solution,  and  we  shall  see  that  the 
red  tint  of  the  test  paper  is  strongest  in  the  vicinity  of  the  positive 
electrode  The  phenomena  of  chemical  decomposition  by  voltaic 
electricity  are  extremely  nnmerons  and  complex ;  in  fact,  they  would 
require  a  volume  to  describe  them.  We  will  confine  ourselves  to  the 
indication  of  a  singular  fact  which  always  accompanies  electrolytic 
action  (this  is  an  expression  deduced  from  the  word  Electrolysis,  by 
which  Faraday  distinguished  decomposition  by  the  pile).  When  the 
electrodes  have  been  in  use  some  time,  if  they  are  taken  out  of  the 
saline  solution,  plonged  into  pure  water,  and  put  in  communication 
with  the  wires  of  a  galvanometer,  it  will  be  remarked  with  this 
instrument,  which  will  be  described  shortly,  that  a  current  passes 
in  a  contrary  direction  to  the  original  current;  that  is  to  say,  from 
the  negative  to  the  positive  electrode.  It  is  then  said  that  the 
electrodes  are  polarized.  The  secondary  current  of  which  we  speak 
is  only  temporary,  and  is  due  to  the  accumulation  on  the  electrodes 
of  the  deposit  produced  by  electrolysis;  it  ceases  as  soon  as  these 
deposits  are  destroyed  by  the  effect  of  the  fresh  chemical  actions 
engendered  under  its  influence. 

Commotions  or  nervous  shocks,  caused  by  the  passage  of  a  current 
from  a  pile  through  the  organs  of  men  or  animals,  are  greater  as  the 
pile  is  formed  of  a  larger  number  of  couples.  The  effect  produced 
depends  only  on  the  tension  of  the  pile,  a  tension  which  increases 
with  the  number  of  the  elements,  the  surface  being  unable  to  effect 
a  like  result.  It  is  dangerous  to  be  exposed  to  the  shock  of  a  powerful 
pile.  Gay-Lussac  felt  for  more  than  a  day  the  violent  shock  he 
received  by  touching  the  two  reophores  of  a  trough  pile  of  600 
couples.  The  sensation  is  perceived  with  the  greatest  strength  at  the 
moment  when  the  circuit  is  closed.  Then  the  arms  and  chest  are 
shaken,  but  afterwards  only  a  sort  of  trembling  is  felt  in  the  muscles 
of  the  arms  and  hands ;  when  the  communication  is  at  last  broken,  a 
fresh  shock  is  felt,  more  feeble  than  the  first  Moreover  it  is  neces- 
sary to  distinguish  two  sorts  of  physiological  effects  of  the  pile ;  the 
simple  muscular  contniction,  without  pain,  and  a  sharp  and  painful 
sensation,  without  contraction.  It  is  now  known  tliat  tlie  nerves  are 
divided  into  sen^ibl<'  nerves  and  motor  nerves  :  tlie  first  have  tlie 
funetion   nl   tian>iiiittini:  the   >«'ii>ati«»ji>   tn  thr    iRr\<>u>  «rntri.'s.    ihr 
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brain  and  the  spinal  conl ;  while  the  motor  nerves  execute,  so  to 
speak,  the  orders  which  come  from  the  brain  itself,  and  give  motion 
to  the  muscles.  These  two  kinds  of  nerves,  the  one  motor  and  the 
other  sensory,  are  inserted  by  two  kinds  of  root,  and  are  unit^jd  for  a 
certain  space ;  they  are  then  separated  and  divided  into  two  branches, 
one  carrying  sensibility  to  the  organs,  the  other  giving  them  move- 
ment. Now,  if  tlie  circuit  is  closed  after  having  placed  one  of  the 
reophores  on  the  common  fibres  of  the  two  orders  of  nerves,  there  is 
both  contraction  and  painful  sensation  in  the  animal  subjected  to 
the  experiment.  But  tliere  is  only  contraction  if  the  ramifications 
of  the  motor  nerves  are  touclied,  and  only  pain  if  the  ramifications 
of  the  sensory  nerves  are  first  touched  by  the  wire. 

The  pliysiological  efl'ects  of  the  pile  have  been  the  object  of 
numerous  and  very  interesting  experiments,  botli  on  living  and  dead 
animals.  Galvani  and  his  kinsman,  Aldini,  professor  at  Bologna,  had 
the  honour  of  commencing  this  fruitful  study  of  the  influence  of 
electricity  on  animals.  They  showed  that  the  passage  of  the  current 
produces'  in  the  muscles  of  dead  animals  contractions  frightfully  like 
the  movements  wiiich  they  have  during  life.  Aldini's  experiments 
on  the  bodies  of  two  criminals  beheaded  at  Bologna,  in  1802,  are 
particularly  celebrated ;  those  also  of  l)r.  Andrew  Ure  on  the  body 
of  a  criminal  an  hour  after  he  was  taken  from  the  gibbet.  One  of 
the  ner\^es  of  the  eyebrow  was  put  into  connection  with  one  of  the 
wires  of  the  pile ;  the  heel  with  another  pole :  when  the  face  of  the 
criminal  contracted  in  such  a  hideous  manner  that  one  of  the  assistants 
fainted.  No  expression  can  describe  the  horror  of  the  obser\'ers  in 
the  terrible  scene  which  followed  from  this  experiment 

The  action  of  the  pile  on  living  beings  is  not  less  curious ;  and 
its  effects  interest  us  more,  since  we  have  discovered  their  good 
influence  in  the  curing  of  certain  illnesses,  principally  nervous 
affections.  The  action  of  the  voltaic  current  on  the  organs  of 
the  senses  produces  precisely  the  sensations  l>elonging  to  each  of 
them.  By  exciting  the  optic  nerves,  the  sensation  of  light  is  pi*o- 
duced,  and  that  of  sound,  if  the  nerves  of  the  ear  are  tcmehed. 
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CHAPTER  V. 


ELECTRO- MAGNETISM. 


Action  of  a  current  on  the  magnetic  needle ;  Oersted  and  Ampere — Schweigger^s 
raaltiplier ;  constmction  and  nae  of  the  galvanometer — Action  of  magneta  on 
currents — Action  of  currents  on  currents — Influence  of  the  terrestrial  magnetic 
force — Ampere's  discoTeries  ;  solenoids ;  the  electrical  helix  ;  theory  of  mag- 
nets— Magnetism  of  soft  iron  or  steel  discorered  hj  Arago ;  magnetizatimi  by 
means  of  helices — The  electro-magnet;  its  magnetic  power;  its 


rpWENTY  years  after  the  discovery  of  the  voltaic  pile,  a  new  fact 
-'-  of  great  importance  was  brought  to  light  by  Oersted,  a  Swedish 
physicist,  professor  in  the  University  of  Copenhagen :  he  discovered 
that  the  electric  current  acts  on  the  magnetic  needle.  For  some  time 
the  existence  of  a  relation  between  magnetic  and  electrical  phenomena 
had  been  suspected :  the  perturbations  undergone  by  the  compass  on 
board  vessels  struck  by  lightning  had  been  noticed ;  as  also  on  those 
whose  masts  had  presented  the  electrical  phenomenon  known  as  the 
fire  of  Saint  Elmo ;  it  was  known  that  the  discharges  of  electric 
batteries  agitated  a  magnetic  needle  placed  in  their  vicinity.  But 
these  facts  afforded  but  vague  ideas  as  to  the  actual  correlation 
which  exists.  In  1820,  the  year  in  which  Oersted  made  his  dis- 
covery. Ampere  studied  and  propounded  the  laws  of  this  action,  and 
showed,  moreover,  that  the  currents  themselves  act  on  other  currents. 
Lastly,  Arago  discovered  the  magnetism  of  soft  iron  and  that  of 
steel  under  the  influence  of  the  current  of  the  voltaic  pile.  These 
experiments  were  the  starting  points  of  a  multitude  of  new  ones, 
which  in  a  short  time  changed  the  aspect  of  this  branch  of  science, 
])V  demonstrating  tliat  magnetism  and  electricity  are  varied  manifesta- 
tions of  tlie  same  cause.  We  shall  see  hereafter,  that  the  discoveries 
which  revealed  the    real  natiuv  «d    uiagiietisni.  and    gave    so  much 
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advance  to  theory,  have  not  been  less  fruitfal  in  ingenious  and  useful 
applications. 

Let  us  now  return  to  Oersted's  experiment.  Imagine  a  magnetic 
needle  suspended  on  a  pivot,  and  moveable  in  a  horizontal  plane ; 
we  know  that  it  will  then  place  itself  in  the  magnetic  meridian, 
making  a  constant  angle  with  the  north  and  south  geographical 
meridian  line.  If  wo  then  place  parallel  to  the  needle,  and  at  a 
short  distance  above,  a  metallic  wire  whose  extremities  are  joined  to 
the  reophores  of  the  pile,  we  notice  that  so  soon  as  the  current  passes, 
the  needle  is  deviated  from  its  position;  it  leaves  the  magnetic 
meridian  and  sets  itself  across  the  current.  If,  instead  of  placing 
the  wire  above  the  magnetic  needle,  it  is  placed  at  the  same 
distance    below    it,   the   needle    is  again    deviated  and   sets  itsel 


Fio.  408.— Action  of  an  ple<?tric*l  cnixent  on  the  ni8gn(>tir  n^e*!!**. 

across  the  current.  In  repeating  the  same  two  ex])erinients  and 
changing  the  direction  of  the  voltaic  current, — that  is,  if  it  first  passes 
from  south  to  north,  it  is  now  caused  to  pass  from  north  to  south, — 
we  observe  that  the  needle  is  again  deviated  and  sets  itself  at  right 
angles  to  the  current,  but  in  precisely  opposite  directions  to  those 
which  it  assumed  under  the  influence  of  the  direct  current. 

Again,  if,  instead  of  placing  the  wire  parallel  to  the  needle,  it 
is  placed  perpendicularly  to  the  horizontal  plane  opposite  one  or 
the  other  pole,  the  needle  will  be  seen  to  undergo  again  the  same 
deviations,  corresponding  to  the  four  fresh  dispositions  which  can 
be  given  to  the  voltaic  current, — from  top  to  bottom,  bottom  to  top, 
and  opposite  either  to  the  southern  or  northern  pole  of  the  needle. 

Such  are  Oersted's  experiments,  and  Ampt^re  succeeded  in 
formulating,  in   a  single  statement,  the   law  which  governs  them. 
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He  CTiOceivi^fi  the  ins<iniorti  iiiea  of  peraonifyin:!  the  carrent.  bv 
EOTnn:::  i«  ^w  a  per*«'ja  uid  alootz  uhe  CTirreniL  whrj^se  fsice.  in  all 
podailile  pomtions.  u  always  mmeti  towarda  the  centre  of  the 
needle.  The  carreat,  which  poaseii  from,  the  pogitiTe  p>Ie  ^^f  the 
pile  X/}  the  necativ-e  pole  throooh  the  wire,  is  suppj^eil  to  enter 
by  the  feet  of  the  person  azid  to  come  oat  at  his  hea^i:  then  the 
cxtrrent  ia  fonnd  to  ha^e  a  right  and  a  left  which  are  th*j6e  of  the 
peraon  hinuelf:  therefore,  the  foDowing  \s  the  simple  statement 
by  which  Ampere  has  connected  the  varioos  conditions  which 
formsh  Oersted's  experiment: — 

Wk^n  an  fUj^trir.  airmiU  OfiA  *m  a  iiMUf^.tu:  n^y.dlt^.,  th^  4omikerm 
poie  of  ikf,  fk/jtdU — which  is  always  that  which  is  directed  towards 
the  north — w  d^aUA  tty^ainU  the  U/t  of  tke  mrrtAt, 

Thas,   if  the   current   passes   parallel   to   the    neetile.  and  from 


/yf  cb«  upper  rarreaf . 


Pi^  4l.>  —  L>^TjKtb'/fi  t.j  the  Wt  of  the  cvrvmc. 
ly-ver  enrrenc. 


south  to  north,  the  ca.se  is  met  by  that  of  the  two  figures,  44)9 
and  410.  In  the  case  of  the  upper  current,  the  south  pole  a  is 
deviated  to  a'  to  the  left  of  the  current, — that  is,  towards  the  west ; 
if  the  current  passes  below  the  nee<lle,  it  is  always  to  a' — to  the 
left  of  the  current  that  the  south  pole  a  is  deviated,  but  now 
this  pf>le  moves  towanls  the  east.  If  the  direction  of  the  current 
is  changerl,  still  remaining  parallel  to  the  needle, — that  is  to  say,  if 
it  jiasses  from  north  to  south, — the  southern  pole  will  be  deviated 
towards  the  east,  in  the  case  of  the  upper  current,  and  to  the 
west,  in  the  case  of  the  current  y^laced  below  the  needle.  Lastly, 
vvlj^-ri  tIj^-  cwrrcut  i^  verti-al,  it  can  \^t  father  ivscendinir  or  desceiui- 
w^,  '.wA  ]»lac'"l  r-itli'T  op])OsiUf  the  iiurtiifrrii  '^•r  .-outliern  pjle  of 
the  rri;i'^'ri','t.  In  tli<.'  Cdse  r<'[»r»'S»'nt*r'l  in  Fiir.  411  the  :-outherii 
pole    i-    -♦•♦•n    to    rh'viat^-    to    th'-   ♦/a-t  :    tliat    i<.   to    the   left   of    tlie 
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current.  We  will  leave  the  reader  to  find  the  direction  of  the 
needle  in  tlie  other  cases ;  a  task  which  has  been  rendered  easy  by 
Ainp^re\s  law. 

The  laws   which  regulate   these   observations   were   studied   by 
Biot  and  Savart  and  by  Laplace.     Bearing  in  mind  the  fact  that 
the  influence  of  the  current  depends   on  its  intensity  and,  conse- 
quently, on  the  surface  of  the  couples  of 
the  pile  employed,  it  diminishes  in  pro- 
portion as  the  distance  from  the  needle 
increases.     It  must  not  be  forgotten  that 
in  the  presence  of  a  voltaic  current,  the 
needle  is  subjected  to  two  influences  at 
the  same  time,  viz.  that  of  the  current 
itself,  and  that  of  the  earth,  which  acts 
on  the  needle  like  a  maj^net;   the  devi- 

Fio.  411.— Doviation  to  the  left  of  the 

ations   observed   are,  therefore,  an  effect         ourrfnt.   wnicai.unfnt. 
resulting   from   these    two    simultaneous 

actions.  If,  by  any  means,  we  can  render  the  direction  of  a  magnetic 
needle  independent  of  the  action  of  the  earth — it  is  then  called  an 
oj^tatic  needle — the  current  deviates  the  needle  to  a  right  an;jle,  what- 
ever  may  be  its  intensity.  The  deviation  then  indicates  only  the 
prcisence  of  the  current,  without  proving  its  energy. 

Let  us  now  see  how  we  can  utilize  the  action  of  electrical  currents 
on  the  magnetic  needle,  in  the  construction  of  apparatus  which  serve 
both  to  prove  the  presence  of  small  currents,  and  to  measure  their 

intensity.  AVe  will  first  describe  the 
apparatus  called  Schwevjgers  muUijylicr, 
from  its  inventor: — 

It  consists  of  a  wooden  frame  (Fig.  412) 
round  which  a  copper  wire  is  wound  a 
great  number  of  times ;  this  metallic  wire 
is  entirely  coveiHid  witli  an  insulating 
V-  substance,  gutta-percha,  silk,  cotton,  &c., 
so  that  an  electric  current  entering  by 
one  of  the  extremities  of  the  wire,  and 
issuing  from  the  other,  cannot  pass  from  one  spiral  to  another  without 
having  traversed  the  whole  length:  in  a  word,  it  is  obliged  to  pass 
through  all  the  successive  windings.     If  the  frame  is  placed  verti- 
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cally  on  one  of  its  sides,  in  the  plane  of  the  magnetic  meridian,  and 
if  a  magnetic  needle  is  placed  in  the  inside,  suspended  freely  on  a 
vertical  pivot,  a  good  instrument  will  be  obtained  for  showing,  by 
the  deviation  of  the  needle,  the  existence  of  an  electrical  current, 
however  slight  it  may  ba  To  effect  this,  it  is  sufficient  to  attach 
the  extremities  of  the  wire  of  the  multiplier  to  the  two  reophores  of 
the  pile  or  of  any  voltaic  circuit ;  so  soon  as  the  circuit  is  closed, 
the  presence  of  the  current  will  manifest  itself  by  a  greater  or  less 
deviation  of  the  needle. 

We  will  now  analyse  this  effect,  and  examine  how  the  action  of 
the  current  is  multiplied  by  the  arrangement  we  have  just  described, 
and,  for  this  purpose,  we  may  first  consider  one  of  the  circuits  of 
the  wire  wound  round  the  frame;  the  current  passes  from  M  to  N, 
then  to  Q  and  p,  and  at  K  leaves  the  needle.    Now,  if  we  compare 

it  with  Ampere's  statement,  we  shall 
see  that  each  of  the  four  portions  of  the 


"'  ^  current  tends  to  deviate  the  southern 


~    ^     "     ^       ^^        pole  from  a  to  a',  consequently  towards 

the  east,  or,  in  other  words,  to  the  front 
of  the  figure ;  each  of  them  acts  like 

Fio.  413. — Concurrent  actions  of  the  dif-  .         i    i.   j  i.  i.   j.x        I'l 

ferent  portions  of  the  wire  in  the       an  insulatecl  currcut,  or  better,  like  an 

indefinite  portion  of  the  current  near 
the  needle.  The  total  deviation  will  be  then  stronger  than  if  the 
current  only  followed  one  of  the  sides  of  the  rectangle.  Now,  at 
the  following  winding,  the  current  acts  again  in  the  same  manner, 
and  it  is  the  same  for  all  the  successive  windings,  so  that  its  in- 
fluence on  the  magnetic  needle  is  multiplied  by  the  number  of  the 
windings  of  the  wire.  Hence  the  name  of  multiplier  is  given 
to  the  insti-ument. 

The  magnetic  needle  is  in  this  experiment,  as  we  have  already 
stated,  submitted  to  two  forces :  the  directive  action  of  the  earth, 
in  virtue  of  which  it  places  itself  in  the  magnetic  meridian;  and 
the  action  of  the  current,  which  tends  to  cause  it  to  assume  a  posi- 
tion at  right  angles  to  the  first.  The  deviation  of  the  needle  is 
produced  by  the  resultant  of  these  two  actions.  To  increase  tlie 
deviation,  and  to  give  a  greater  sensibility  to  the  multiplier,  Nobili 
conceived  the  idea  of  substituting  for  the  magnetic  needle  a  system 
of   two   parallel   magnetic    needles,   fixed   on   the   same   axis,   with 
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their  poles  of  the  same   name   iilaced   in  <;uiiti-iii'y  diivctioiis.     Tlie 
suspension    being  by  a  silk  thread  without  torsiuii,  if  the  needles 
have  the   same   ina<;iietic  force,  tlu'ir  system  will   he  nstaik ;  that 
is    to   say,   will   remain   in    e<iuilibrium, 
whatever    may   be    its    angle    with    the 
meridian.    A  system  exactly  astatic  would 
not   fulfil    the   end   which    is    proposed, 
which  ia  to  measure  the  intensity  of  tlie 
currents   by  the   deviation,   as   then    tlie 
deviation  would  always  attain  the  maxi- 
mum of  9(1',  wliatever  the  power  of  tlie        '"       "'uV-.lw. 
current.     But  if  one  of   tliu  needles,  tlir 

lower  one  for  example,  is  a  little  more  ma^'iietized  than 
upper  one,  the  system  will  cutitinue  lo  1hi  inllueiicvd  liy 
earth;    hut   tins    action   will    be   vi-ry   fc-i-Kh-.    and    theri'lure 


action  of  the  currents  through  the  intciTention  of  the  niulli|)lier 
will  be,  on  the  contrary,  consitlemble.  The  introdiielion  of  llie 
compensated  needles  in  Schweigger's  nmltiplier  led  Nobili  to 
the  construction  of  the  yalmnometfT  (Fig.  415),  the  most  delicate 
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apparatus  for  determining  the  existence,  strength,  and  direction  of 
weak  electrical  current*!.  The  foUowin:;  ia  the  manner  in  which 
this  instrnment  is  n.^ed : — 

The  ivorv  frame  aroiinti  which  the  insulated  wire  is  wound,  and 
which  is  below  the  dial,  can  be  moved  in  a  horiiontal  plane  by  aa 
outside  screw  ;  and  it  is  first  brought  into  a  plane  of  such  a  nature 
that  the  zero  of  the  graduation  of  the  dial  corresponds  to  one  of 
the  extremities  of  the  needle.  It  is  now  certain  that  the  rounds 
of  copper  wire  are  parallel  to  the  two  needles  of  the  system.  The 
apparatus  is  furnished  with  levelling  screws,  so  that  it  can  be  placed 
horizontally;  and  a  glass  shade  protects  the  suspending  thread  and 
the  needles  themselves  against  the  agitation  of  the  exterior  air. 
The  frame  includes  a  rectangular  ivory  plate,  which  has  two  brass 
buttons,  at  each  of  which  terminates  the  extremitv  of  the  two  wires 
of  the  multiplier.  To  these  buttons,  or  binding  screws,  the  reophores 
of  the  current,  the  direction  and  intensity  of  which  are  to  be  deter- 
minetl,  are  attached :  as  soon  as  the  circuit  is  closed,  and  the  current 
passes  along  the  rounds  of  wire,  the  upper  needle  is  seen  to  deviate 
to  the  right  or  left  of  its  position  of  equilibrium;  the  direction 
of  this  deviation  indicates,  according  to  Anipere's  law,  the  direction 
of  the  current. 

The  intensity  of  the  current  is  measured  by  the  arc  which 
either  of  the  extremities  of  the  needle  has  traversed,  starting  from 
the  zero  of  the  graduation.  It  has  been  found  that,  if  the  devia- 
tion does  not  exceed  20°,  it  is  sensibly  proportional  to  the  intensity 
of  the  current. 

We  have  just  seen  the  action  of  voltaic  currents  on  the  magnetic 
needle,  and  how  this  influence  has  been  utilized  in  constructing  an 
apparatus  of  extreme  delicacy,  to  show  the  direction  and  intensity  of  a 
certain  current  We  may  now  state  that  magnets  exercise  on  currents 
an  action  equal  to  that  to  which  they  themselves  are  submitted,  but 
in  a  contrary  direction.  Thus,  when  a  strongly  magnetized  magnetic 
bar  A  B  (Fig.  410)  is  placed  in  a  horizontal  position  below  or  above 
a  metallic  wire  forming  a  voltaic  circuit,  and  free  to  turn  round  the 
j>oirit.s  of  susj)f*n>ion,  the  wire  is  se»*n  to  set  itself  across  the  magnet,  in 
siicli  ;i  iiiniiiK'r  tliat  the  south  pole  of  the  har  is  always  to  the  left  of 
thf  euiT<Mit  wliicli  is  nearest  tu  it.     When  tli*^  direction  of  tlie  current 
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is  changed  by  the  reversal  of  the  reophores  which  teniiiuate  the  two 
extremities  of  the  wire,  the  wire  immediately  makes  a  rotation 
of  180^  on  itself;  the  soutliern  pole  of  this  latter  is  still  to  the  left 
of  tlie  current,  according  to  Ampere's  law. 

We  have  now  arrived  at  Ampere's  beautiful  discovery,  which 
immediately  followed  that  of  Oersted's,  as  to  the  action  of  voltaic 
currents  on  each  other.  We  will  confine  ourselves  to  the  statement 
of  the  principal  laws  which  govern  the  reciprocal  intiuence  of 
currents,    laws    whose    experimental    verification   is    easy,    in    the 
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numerous  particular  cases  which  they  comprc^liend.  Amperc  has 
demonstrated  that : — 

1st.  Two  parallel  ^urrenfa,  whuh  pann  tn  the  same  direction, 
attract  each  other:  while  thci/  repel  each  other  if  the//  paa.'i  in  a 
contrary  direction. 

2nd.  Two  non-parallel  currents  attract  each  other,  if  at  the  same 
time  both  approach  or  re/xdc  from  flu  apex  of  the  angle  formed  by 
the  ends  produced;  they  repel  each  other,  if  one  of  the  currents 
approaclus  the  apex  of  tlie  angle,  whilst  the  other  recedes  from  it. 

Fig.  417  represents  the  three  cases  of  attraction  and  two  cases 
of  repulsion  to  which  these  laws  refer.  Thus  then,  on  the  one  hand, 
electrical  currents  act  on  magnets,  and  magnets  act  on  currents: 
while,  on  the  other  hand,  currents  act  on  each  other.     Hence,  there  is 
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only  a  step  to  assimilate  magnets  with  currents;  Ampere  has  indi- 
cated this,  and  has  brought  to  the  help  of  theory  the  control  of 
experiment.  He  discovered  that  the  earth  itself  acts  on  the  currents  ; 
that  if  a  rectangular  instrument  similar  to  that  of  Fig.  -±16  is  left 
to  itself,  and  an  electrical  current  passed  through  it,  the  apparatus 
turns  round  on  its  vertical  axis  and  places  itself  spontaneously 
across  the  magnetic  meridian;  the  ascending  portion  of  the  current 
is  carried  to  the  west  and  the  descending  portion  to  the  east. 
M.  Pouillet,  by  some  clever  arrangements,  has  shown  that  an  insu- 
lated vertical  current,  moveable  round  an  axis  which  is  parallel  to 
it,  is  transported  of  itself  to  the  magnetic  west  or  east,  according  as 
it  is  ascending  or  descending,  whilst  the  action  of  the  earth  on  the 
horizontal  branches  of  Ampere's  apparatus  is  nil.  To  determine  the 
nature  of  these  facts  Ampere  constructed  a  static  apparatus, — that  is 
to  say,  a  magnetic  system  indifferent  to  the  action  of  the  terrestrial 
globe ;  then  causing  a  fixed  current  to  act  on  it,  placed  horizon- 
tally in  a  direction  perpendicular  to  the  magnetic  meridian,  from 
east  to  west,  he  saw  that  the  action  of  this  current  was  precisely 
the  same  as  the  action  of  the  earth.  He  concluded  that  the  magnetic 
action  of  the  earth  on  the  magnetic  needle  is  due  to  electrical 
currents  which  continually  circulate  perpendicularly  to  the  magnetic 
meridian,  their  direction  being  from  east  to  west.  These  various 
currents,  whatever  may  be  their  number,  may  be  considered  as  com- 
posing a  single  current ;  and  experiment  shows  that,  in  our  latitudes, 
its  position  is  situated  towards  the  south. 

Pursuing  these  beautiful  generalizations.  Ampere  showed  that  a 
magnet  may  be  assimilated  to  an  assemblage  of  circular  vertical  and 
parallel  currents  passing  in  the  same  direction.  An  assemblage  of 
such  currents  indeed — experiment  will  show  us — when  freely  sus- 
pended so  as  to  be  able  to  turn  in  a  horizontal  plane,  places  itself,  when 
submitted  to  the  action  of  the  earth,  in  the  magnetic  meridian;  in 
fact,  it  behaves  exactly  like  a  magnetic  needle.  Ampere  constructed 
a  helix  or  electrical  mafjmt  in  this  way : — He  took  a  metallic  wire 
and  rolled  it  round  a  cylinder  in  equidistant  coils,  giving  it  the  form 
represented  in  Fig.  41S;  he  tlien  broiii^ht  tlio  two  extremities  of  tlu* 
wires  longitiulinally  alcove  the  coils,  and  curved  them  in  such  a  way 
that  the  whole  could  tVeely  turn  round  a  vertical  axis;  next,  he  at- 
tached the  two  ends  of  the  wire  to  tlie  re(4)liores  of  a  ]»ile.     When  the 
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current  passes  in  the  direction  marked  by  the  arrows,  the  solenoid — 
the  name  given  to  the  apparatus  by  Ampere — places  itself  in  a  position 
of  stable  equilibrium ;  each  coil  is  in  a  vertical  plane,  its  direction 
l)cing  from  magnetic  east  to  west ;  the  axis  of  the  solenoid  coincides 
then  with  the  magnetic  meridian,  exactly  like  a  magnetic  needle.  If 
the  direction  of  the  current  is  changed,  the  solenoid  is  seen  to  be  dis- 
placed ;  and  after  having  moved  through  1 80°,  it  i)laces  itself  in  its 
original  ])osition,  its  longitudinal  axis  being  always  in  the  magnetic 
meridian,  but  it  is  turned  about.  Lastly,  an  element  of  the  solenoid, 
suspended  so  that  it  is  able  to  turn  freely  round  an  axis  perpendicular 
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Fio.  41  f^.— Direction  of  a  R«iT»nonl  in  the  mfridi.in,  nndor  the  action  of  the  earth. 


to  the  magnetic  meridian,  assumes  an  inclination  which  is  precisely 
equal  t-o  that  of  the  magnetic  needle. 

Thus,  ordinary  magnets,  and  solenoids  or  electrical  magneto,  con- 
duct themselves  in  the  same  manner  when  under  the  influence  of  the 
magnetic  action  of  the  earth.  But  the  analogy  has  been  pushed 
further ;  Ampere  has  shown  that  the  extremities  or  poles  of  two  sole- 
noids exercise  on  each  other  attractions  and  repulsions  of  the  same 
nature  as  the  attractions  and  repulsions  of  the  poles  of  magnets  : 
poles  of  the  same  name  of  solenoids  repel  each  other ;  while  poles  of 
contrary  names  attract  each  other.  Lastly,  the  same  actions  manifest 
themselves,  if  the  pole  of  a  solenoid  is  presented  to  one  or  other  of  the 
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cvo  polfM  'ii  \  macQRCic  nesdlfc  The  jimilaritT  19  com|iIete.  and 
AmpeTC  T3»  ihle  :»  tonn  hia  theory  ot'  mazaedfan  in  aU  as  ezactneaB, 
»  chenr?  whii;h  daiimilates  macneEic  phautiouia  wick  dyaainic 
«lflctrtral  phenomena.  Ths  foUowmc  13  \  hrief  r^iru  -if  rfiis 
beantifiil  theorr: — 

The  EeiTRStrial  jlobe  Li  '^oannoolly  aaveraert  by  aomenoa  electi^al 
funnwiDi,  iniinced  perhaps  hy  ihemicaL  acQoo.  These  variitoa  cgnsitg, 
with  'lire«iona  ami  incenaities  probably  'iilfepeat  And  ranable.  pro- 
dacB  on  macneu  che  same  -ilfect  aa  a  jmcle  corrent.  cesnliinsr  from 
the  'composition  it'  tbe  elemiintazy  aarrenCt,  'limilariiiii  &om.  east  to 
wiwt,  in  ii  'iireccion  eontiary  i>i  r.he  '•art.h'a  movement  of  mtation.  A 
magnetic  «ibfltini:e.  iron.  ^teei.  Ac,  uLiin  becomes  the  seat  of  elemen- 
tary eitwtncjil  inrrftnt*.  circnlarlnu  mrmd  i:ertain  'Zronpa  of  atoms. 
Tn  iiift  iron,  axui  in  macnecii!  bodiisi  which  are  not  ^miowed  with 
priUr  macnetl'^m,  thene  cnirsnr.*  mov-;  in  all  directiona.  *j  thai  the 


ri^ultlnn  effect  i^  ».>.l-  In  m^Deta,  on  the  contntry,  the  porticiilar 
cnrrents  have  all  the  same  direction  ;  for  example,  they  circolate  aa 
thft  arrows  indicate  in  Fig.  419,  in  which  is  shown  a  transverse  section 
'if  a  m^^etic  bar.  In  the  neijhbonrirt^  or  contignons  portions  in 
h,  '/,  a, «',  Ac,  the  cnrrfinta  are  of  contrary  ilirections,  and  are  de- 
utr-iyed  ;  so  that  the  total  effect  is  redaced  to  the  exterior  effect,  which 
l«a/I.s  n.s  to  consider  the  contour  of  each  edge  aa  being  traversed  by  a 
single  cnrrent.  The  same  effect  will  take  pLice  in  all  the  sections, 
and  the  magnet  will  be  constituted  as  inflicated  in  Fig.  420. 

We  therefore  see  that,  according  to  Ampere's  theory,  every  magnet 
may  U;  con.sidered  an  eqnivalent  to  a  solenoid. 

In  r^^ard  to  magnetic  substances,  such  a.s  soft  iron,  the  vicinity  of 
a  m'l'ju-t  ■-:.-ii;.ies  tK':m  to  m'lmentanly  ai'ijuipr  f-p^ar  miiinetiim.  by  tb" 
^.-itii';  -.ii'l',!]  tliiit  th';  ';iirrf:nEs  of  S'.l'/nci'U  e-x-.-r. i^-'  on  the  currents  of 
wiii'  li  tli'-y  fli'-itis''lv':^  ar'-  a  [.art,  Thi^  intiuoiKe  ni'xlififs  llie  din-.;- 
li'.ti  'il  tb'-if  '■l"!ri''ritar\-  onm-ni:.   iti.l  iiinkf:-- tb<-ir  rfstillant  m  loK^-er 
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nil ;  thus  is  produced  induced  magnetism.  We  shall  find,  moreover, 
that  permanent  magnetism  is  perfectly  explained  by  Ampbre's  theory  ; 
but  in  tliis  case,  experiments  must  instruct  us,  and  will  reveal  to  us 
phenomena  of  the  greatest  interest. 

In  September  1820,  Arago,  a  short  time  after  Oersted's  and 
Ampere's  discoveries,  made  the  following  experiments  : — He  inserted 
into  a  mass  of  iron  filings  a  copper  wire  which  united  the  two  poles 
of  a  pile  ;  on  drawing  out  the  wire  without  interrupting  the  current,  he 
saw  its  surface  covered  with  particles  of  iron  filings,  arranged  trans- 
versely ;  as  soon  as  the  current  was  interrupted,  the  particles  detached 
themselves  from  the  copper  and  fell.  To  assure  himself  that  tiiis  was 
temporary  magnetism,  not  the  attraction  of  an  electrified  body  for 
light  bodies,  he  substituted  for  the  iron  filings  a  non-magnetic  sul)- 
stance,  and  the  phenomenon  did  not  take  ])luce.     ( )n  placing  needles 
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of  soft  iron,  and  then  of  tempered  steel,  very  near  tlie  copper  wire,  lie 
noticed  that  the  action  of  the  current  transformed  them  into  magnetic 
needles,  having  their  southern  pole  always  to  the  left  of  the  current ; 
this  result  agreed  with  the  then  recent  experiments  of  Oersted.  Soon 
after,  Arago  and  Am])ere  noticed  that  the  magnetism  of  soft  iron,  or 
that  of  steel,  was  developed  with  much  greater  intensity  by  i)lacing 
the  needle  in  the  interior  of  an  electrical  helix.  The  reophore  wire 
of  a  pile  was  coiled  round  a  glass  tube ;  then,  having  placed  in  the 
axis  of  the  latter  the  needle  to  be  magnetized,  they  passed  the  current 
through  the  wire :  magnetization  was  immediately  produced,  but,  as 
might  have  been  expected,  it  was  temporary  in  soft  iron,  and 
permanent  in  steel. 

(ilancing  at  Fig.  421,  we  see  that  there  are  two  ways  of  coiling 
the  wire  round  the  tulx\     Supposing  tlie  tube  to  be  horiz«)ntal,  the 
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wire  can  be  coiled  from  right  to  left,  each  round  being  coiled  from  top 
to  bottom  on  the  side  of  the  tub  turned  towards  the  operator ;  this  is 
the  dextrorsal  solenoid :  or,  again,  the  wire  may  be  coiled  in  the  same 
way,  but  passing  from  left  to  right;  this  is  the  sinistrorsal  solenoid. 
If  the  current  traverses  the  coils  of  the  spiral  from  left  to  right,  as 
indicated  by  the  arrows,  the  magnetization  will  give  a  southern  pole 
as  to  the  needle,  to  the  left  in  the  dextrorsal  spiral ;  the  southern 
pole  will,  on  the  contrary,  be  to  the  right  in  the  needle  of  the 
sinistrorsal  spiral. 

In  both  cases,  the  southern  pole  is  always  to  the  left  of  the  current, 
according  to  Ampere's  law. 

By  this  process  of  magnetization,  so  simple  and  wonderful, 
secondary  poles  can  be  produced  at  will  on  bars  to  be  magnetized, 
which  are  called,  as  we  have  before  seen,  consequent  points.  To 
effect  this  it  is  sufficient,  after  having  coiled  the  wire  in  one  direction 
round  the  tube,  to  coil  it  in  the  opposite  direction  at  each  of  the 
points  when  we   desire   to   produce   a   secondary  pole.     The  whole 


Fio.  422. — Magnetization  by  a  spiral:  production  of  consequent  points. 

spiral  is  thus  formed  of  a  dextrorsal  spiral,  followed  by  a  sinistrorsal 
spiral,  and  so  on  (Fig.  422). 

We  have  mentioned  that  soft  iron,  surrounded  by  a  magnetized 
spiral,  assumes  temporary  magnetism.  The  magnetic  force  thus  de- 
veloped is  more  powerful  according  as  the  iron  is  more  homogeneous 
and  pure,  and  as  the  number  of  the  coils  of  the  spiral  is  greater.  To 
realize  this  last  condition,  the  metallic  wire  is  surrounded  by  an 
insulating  envelope,  as  in  Schweigger's  multiplier  for  example,  by  a 
silk  thread:  it  is  theu  coiled  round  a  piece  of  soft  iron,  drawing 
the  coils  as  close  as  possible,  in  order  to  get  a  great  number  of 
rounds.  It  then  becomes  what  is  called  an  electro-inagnet ;  that  is 
to  say,  a  magnet  whose  magnetic  power  sul)sists  during  the  passage 
of  tlie  current  of  tlie  pile,  and  ceases  wlien  tlie  current  is  discon- 
tinued. The  form  of  a  cylinder,  bent  like  a  horse-shoe,  is  usually 
LMven  to  elect  ro-niauiiets,  each   branch  of  which    is  covered  witli    a 
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portion  of  wire  (Fig.  421^).  The  spirals  here  appear  coiled  in 
an  oppoaite  direction,  but  the  direction  of  the  coiling  is  in 
reality  tlie  same  in  Imth  branches,  if  we   suppose   the   cylinder  of 


soft  iron  straightened.  We  have  then,  at  the  two  extremities,  as 
soon  OB  tlie  current  passes,  two  poles  of  contrary  names.  Electro- 
m^nets  are  also  made  with  two  parallel  iron  cylinders  of  soft 
iron,  united  on  one  side   by  nn  iron  plate,  and  on  the  other   by  a 


copper  plate  (Fig.  424).  The  power  of  nn  electro-m^rnet  depends 
not  only  on  the  number  of  coils  of  the  conducting  wire  of  the 
current,  but  hIkh  mi  the  intensity  of  the  latter,  and  the  dinicuBiotis 
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of  the  soft  iron  which  forms  it.  The  electro-magnet  construct«<l 
by  M.  Pouillet  for  the  FaculU^  des  Sciences  of  Paris,  is  capable 
of  supporting  a  weight  of  several  thousand  kilogrammes. 

Many  curious  experiments  can  be  made  with  electro-magnets ; 
we  may,  for  example,  form  a  magnetic  chain,  by  placing  a  heap  of 
magnetic  substances,  iron  filings,  nails,  &c.  below  the  poles.  As  soon 
as  the  current  passes,  the  little  bodies  are  attracted  by  the  poles, 
which  magnetize  them  by  induction,  and  then  get  mixed  together, 
as  seen  in  Fig,  426.  As  soon  as  the  circuit  is  broken,  all  the  frag- 
ments of  tlie  chain  fall  simultaneously. 
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The  promptitude  with  which  soft  iron  is  magnetized  uuder  tlm 
intluence  of  electricity,  and  loses  its  magnetism  as  soon  as  the  current 
ceases,  lias  brought  to  light  numerous  and  important  applications  of 
the  electro-magnet  AVe  shall  see,  moreover,  that  this  property  has 
been  util!>:cd  in  the  construction  of  niutive  machines, — not  very 
powerful,  it  is  true,  but  vuluable  for  work  wliich  rcqiiiivs  precision 
and mgularity.  In  tlie electric  trlei^rapli  cs|ii'ii;illy, llic  flvctro-niajinet 
arts  this  iuiliortaiit  iiarl,  ]jriiviii;;  linw  \\y\\  spctTilaliniis  of  lliu  1110,-1 
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profound  theories  lead  to  practical  applications  of  the  highest  social 
utility.  Hereafter  we  shall  do  justice  to  the  inventors  of  the  system 
who  have  effected  this  almost  instantaneous  mode  of  communica- 
tion of  thought ;  but  the  names  of  Yolta,  Ami)ere,  Oersted,  and  Arago 
must  be  held  up  to  the  gaze  of  the  civilized  world ;  for  it  is  tliese 
celebrated  men  who  discovered  the  principles  which  have  rendered 
this  wonderful  invention  possible. 


»very  of  induction  i>y  Faraday — Indiieticm  by  ii  currem ;  inducing  coll  uod 
induced  coil— Induction  by  &  ma^et— Machines  founded  on  the  production  of 
induced  eurronts — Clarke's    machine — Ruhinkorff'e    machine — Conimutator— 
.  ^ects  of  the  induction  coil. 

jlARADAY,   one   of    the   greatest   physicists   of  oiir   century,   in 
'-       November  1831  discovered  a  remarkable  fact  connected  with 
le  electric  current ;  lie  found  that  wben  a  current  passes  throogli  a 
letallie  wire,  it  produces  in  a  second  wire,  placed  parallel  to  the 
st,  and  separated  from  it  by  an  insulating  body,  a  current  which 
re  in  a  contrary  direction  to  the  first  current.     The  existe.nce  of 
I  current  thus  developed  by  the  influence  of  induction  can  be  proved 
f  the  spontaneous  deviation  undergone  by  the  needle  of  a  galvano- 
meter  with   which   the   wire   communicatea.     The    second   current 
quickly  ceases,  although  the  iirst  current  continues  to  circulate   in 
tiie  principal  wire ;  but  if  the  latter  is  broken,  another  instantaneous 
coirent  is  produced  in   a  contrary  direction   in   the  parallel   wire, 
and  again  ceases  immediately.     The   original   current   is  called  the 
inducing  current ;  the  current  produced  when  this  latter  commences 
la  the  iinrrse  mlt'rril  airycnt ;  and,  lastly,  the  current  which  is  de- 
veloped when  the  induction  current  is  stopped,  is  colled  the  direct 
iuduad  current. 

Magnets,  as  well  as  voltaic  currents,  produce  iuduction  currents ; 
and  the  same  thing  occurs  with  static  electrical  discharges,  as  M. 
Masson  proved  in  1834. 

To  obtain  powerful  induced  currents  a  considerable  length  must 
be  given  to  the  parallel  wires.     The  inconvenience  which  results  from 
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this  is  avoided  by  winding  each  of  the  wires  covered  with  silk  round 
a  hoUow  cylinder  of  cardboard  or  wood.  This  is  culled  a  c()il.  The 
two  exti'eniities  of  each  wire  are  terminated  by  two  metallic  but- 
tons, or  binding  screws,  fixed  on  one  of  the  bases  of  the  cylinder  l 
these  are  for  the  purpose  of  placing  tlie  coil  in  communication 
either  with  the  two  reophores  of  a  pile,  or  with  a  galvanometer. 
If  we  take  two  coils,  one  of  greater  diameter  than  the  other,  so 
that  the  smaller  can  pass  within  the  cylindrical  cavity  of  the 
latter  one,  and  place  the  hirger,  or  induced,  or  mmulury  coil  in 
communication  with  a  galvanometer,  and  the  other,  the  inducing  cuil, 
into  the  fii-st ;  and  it'  now  the  latter  is  placed  in  communication  with 
the  poles  of  a  Bunsen  clement,  wc  observe  that,  so  soon  as  the  cunfitt 
is  closed,  the  needle  of  the  giilvanometer  is  deviated,  because  an  inverse 


induced  current  liu.'^  traversed  tlie  win;  i>f  the  lirst  coil;  but  the 
needle  soon  returns  to  zero  after  slight  oscillations,  and  renmins  then- 
Ro  long  as  the  current  passes.  If  the  inductiim  circuit  is  now  broken, 
the  needle  deviates  in  a  reverse  diivclinn,  con3e([uently  indicating 
the  presence  of  a  direct  induced  current.  Then  It  again  returns  to 
zero  and  wtiips  tliei-e  until  the  current  is  broken.  The  same  experi- 
ment may  lie  nuide  in  another  iiianni-r. 

Let  us  suiijm.se  two  copper  wires  wound  ou  the  sanu;  ctiil, 
well  insulated  from  each  other  by  the  wilk  by  which  they  are 
covered  (Fig.  427):  the  one  cummunicati'S  by  its  extremities  with 
a  galvanometer  i; ;  the  other  with  the  element  r  of  a  Unnsen  battery. 
The  cnrrenl  which  traverses  the  coil  can  l>e  interrupted  or  cHtablislied 
at  will  by  raising  portions  of  the  wire  wliich  are  ininierstHi  in  the 
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vessels  g  and  y,  filled  witli  mercury.  Now,  it  ia  easy  to  prove, 
by  observing  the  direction  of  the  deflection  of  the  galvanometer, 
the  preaoHfe  of  induced  currenta,  direct  and  inverse,  at  the  moment 
when  the  indncin}"  current  commences  and  ends. 

The  first  experiment  proves  that  every  voltaic  current  develops, 
at  the  moment  of  its  commencement,  an  inverse  current  in  the  wire 
near  to  it ;  and  at  thu  moment  when  it  ends  a  direct  current ;  bo  that 
its  inducing  action  in  ftil  during  the  whole  time  the  induction  current 
is  passing. 

Let  the  induction  coil  be  in  con[ie(;tion  with  the  pile,  and  the 
circuit  closed  before  the  two  coils  are  brought  together,  as  in  Fig.  428 ; 
if  now  the  inducing  and  induced  coils  are  quickly  brought  near  each 


other,  an  inverse  current  is  produced  in  the  latter,  as  the  deflection  of 
the  galvanometer  needle  indicates.  This  current  quickly  ceases  ;  but 
if  then  the  induction  coil  is  removed,  a  direct  induced  current  13 
developed,  and  ceases  immediately  like  the  first  In  a  word,  every- 
thing occurs  as  in  the  first  experiment. 

If  the  intensity  of  the  inducing  current  is  increased  in  the 
interval  which  separates  the  production  of  the  two  opposite  induced 
currents,  at  the  moment  when  this  increase  takes  place  the  needle 
of  the  galvanometer,  which  liad  returned  to  zero,  is  deflected, 
and  indicates  the  presence  of  an  inverse  induced  current.  If  the 
intensity  of  the  current,  on  the  contrary,  diminishes,  it  produces  a 
direct  current  in  the  induced  coil. 
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The  phenomena  of  iiiduotioii  hy  a  cuiTent  may  lie  summed  up  in 
tlie  following  statements:— 

A  voltaic  current  develoiw,  by  iiitluence  or  induction,  in  a  neigh- 
bouring inducting  wire,  a  current  of  o|)|iosite  direction  to  its  own, 
that  is  to  say  an  inverse  induceil  current,  whenever — 

1st.  It  commences; 

2nd.  It  approaches ; 

3rd,  It  increases  in  intensity. 

Tlie  same  current  iiriKlucc»  a  direct  induced  cuiTeut,  of  the  same 
direction  with  its  own,  wlienover— 

1st.  It  finishes; 

2nil.  It  recede-s; 

Zn\.  It  diminishes  in  intensity. 

We  shall  now  see  tliat  tlie  same  phenomena  are  produced  with 
magnetic  currents,  that  is  to  say  with  niagnet.-!,  and  Ampere's  theorj- 
thus  received  from  Faraday'3  experiments  a  fresh  c^mfirniation. 

Let  us  again  take  a  coil,  having  its  extremities  in  communication 
with  a  galvanometer,  and  let  us  place  a  magnet  in  the  axis  of  tho 
cylinder  and  quickly  approach  one  of  its 
poles  to  the  coil:  the  needle  of  the  gal- 
vanometer is  immediately  deflected  and 
then  it  returns  to  zero.  The  direction  of 
the  deviation  indicates  a  current  opposite  to 
that  which,  accoriling  to  Ampere's  thcorj", 
represents  the  action  of  the  adjacent  pole  of 
the  coil ;  moreover,  the  induced  current  soon 
ceases,  and  nothing  more  is  manifested  so 
long  as  the  magnet  remains  jtreseiit  (Kig. 
4211).  If  it  is  removed  suddenly,  however, 
the  needle  of  the  galvanometer  is  deflected 
in  a  contrary  direction,  and  then  returns  to 

zen>  after  a  few  oscillations ;  it  \\as  thus  showed  the  presence  of  a 
direct  induced  current 

Before  approaching  the  magnet  let  us  suppose  that  a  cylinder 
of  soft  iron  has  Iwon  introduced  into  the  coil  (Fig.  430).  If  now  one 
of  the  poles  of  the  magnet  is  brought  near,  in  the  direction  of  the 
axis  of  the  cylinder,  induction  and  the  production  of  an  inverse 
current  will  take  place  for  two  reasons :  first,  the  presence  of  the 
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magnet  suffices  to  produce  the  indueeil  current ;  secondly,  the  soft 
iron  is  itaelf  magnetized  by  induction,  aud  reacts  on  tlie  coil.  This 
is  proved  by  the  fact  tliat  the  deviation  of  the  needle  of  the  galvano- 
meter is  stronger  tlian  in  the  preceding  a\periineut.  The  same 
remark  applies  to  the  direct  induced  current,  which  the  rapid 
removal  of  the  magnet  develops  in  the  coil.  Lastly,  if  the  distance 
of  the  nwgnet  fmm  the  soft  iron  is  varied,  the  magnetism  of  this  latter 
increases  or  diminishes,  and  t!ie  presence  oi'  contrary  induced  currents 
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19  proved  under  both  conditions  To  sum  up,  an  inverse  cun-ent  <i( 
cltctiicity  IS  induced  in  a  conducting  wire  by  ;i  magnet,  whenever^ 

1st   The  magnetic  pole  is  approached; 

2nd.  It  comes  in  contact ; 

3rd.  Its  intensity  is  increased. 

On  the  other  hand,  a  direct  induced  .current  is  proiliir(>il 
whenever — 

1st.  The  magnetic  pole  is  taken  away  ; 

2iid.  It  is  detached ; 

Sid.   Its  intensity  diniiuislies. 

The  magnetic  power  of  the  terrestrial  globe,  like  a  inaonet 
develops  induction  currents,  and  the  same  thing  occurs  in  the 
case  of  static  electrical  discharges. 

Induced  currents  are  distinguished  from  onliiinry  currents  iiro- 
duccd  by  a  single  pile  by  their  tension,  wliiuh  is  much  more  consider- 
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nble  than  that  of  the  iiulncinf;  current.  They  have  been  utilized  in 
the  construction  of  electro- motive  apparatus  of  great  power.  ^Vo 
may  mention  Clarke's  machine  and  the  coil,  the  invention  of  which 
is  due  to  M.  Mivison,  but  which,  having;  receiveil  important  addi- 
tions from  ?i[.  Ruhnikorff,  now  bears  the  name  of  thut  celebrated 
i  nstnime  nt-  maker. 

Clarke's  machine  is  represented  in  Fig.   431  ;   it  consists  of  i\ 
powerful  nmpnet,  A  R,  comprised  of  several  plates  in  the  form  of  a 


liorsc-hlioe  solidly  lixeil  to  a  vertical  piwi-  nf  wood,  in  sucli  a  manner 
that  its  two  poles  arc  hronglit  npjmsite  in  two  coils,  inch  fnrnJslied 
with  a  cylinder  of  soft  iron. 

The  two  soft-irnn  cores  are  connected  on  the  side  of  the  mngnet 
liy  a  copper  plate,  and  on  the  opposite  side  hy  an  iron  ])Iatp,  /  /' ;  the 
two  roils  thus  arratifipd  constitute  in  fml  an  clci-lni-niairncl.  They 
arc  arranged  so  as  to  revi>Iv<'  round  a  liurininud  axis.  /,  which  |>assca 
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between  the  arms  of  the  magnet,  and  is  connected  behind  tlie 
vertical  plate  with  an  endless  chain  and  wheel  with  a  handle. 

When  the  machine  is  put  in  motion,  the  two  coils  turn  round 
their  common  axis,  and  each  of  them  is  presented  at  each  revolution 
to  the  poles  of  the  fixed  magnet,  a  b.  As  the  wires  of  which  the  coils 
are  formed  are  wound  in  contrary  directions,  one  of  them  being 
sinistrorsal  and  the  other  dextrorsal,  it  follows  that  the  induced 
currents,  developed  in  each  of  them  by  the  approach  of  the  two 
contrary  poles  of  the  fixed  magnet,  are  in  the  same  direction.  The 
direction  of  these  currents  changes  when  the  coils  get  further  from 
the  two  poles ;  but  it  changes  in  both  of  them  at  the  same  time,  so 
that,  at  each  instant,  the  induced  currents  are  both  direct  or  both 
reversed.  The  magnetism  of  the  soft  iron  moreover  produces 
currents  which  increase  the  intensity  of  the  inductive  action. 
The  two  wires  of  the  coil  terminate  at  a  special  apparatus  called 
a  commutator,  which  is  used  at  will,  either  to  preserve  the  current 
in  the  same  direction  during  the  whole  of  the  movement,  or  to  allow 
the  direction  of  this  current  to  change  alternately  at  each  half 
revolution. 

With  Clarke's  machine  all  the  effects  of  ordinary  electro-motors 
are  produced,  but  at  a  much  greater  degree  of  tension  than  that 
produced  by  piles.  Special  arrangements  permit  the  production, 
sometimes  of  violent  shocks,  sometimes  of  sparks  or  heating  effects, 
and  sometimes  of  chemical  decx)mpositions.  In  the  last  case,  the 
current  remains  practically  constant ;  in  the  others,  on  the  contrary, 
the  current  must  be  alternately  closed  and  broken. 

Ruhmkorff's  induction  machine  is  represented  in  Fig.  432.  It 
is  composed  of  two  coils :  the  interior  one,  formed  of  wire  of  a 
diameter  of  about  2  or  3  millimetres  but  of  small  length,  50  or  GO 
metres  for  instance,  is  the  inducting  coil ;  the  two  extremities  of  the 
conducting  wire  terminate  at  /  and  /'  in  two  little  brass  binding 
screws. 

The  induced  or  secondary  coil  surrounds  the  first,  M^hich  is  placed 
concentrically  in  its  cavity;  it  is  formed  of  an  extremely  fine  \\m\ 
about  a  quarter  of  a  millimetre  diameter,  and  a  lenj^th  of  sonietinifs 
30  kilometres.  The  two  extremities  of  the  induced  wire  are  attaclied 
at  the  outside  to  two  metallic  binding  screws,  a  and  n,  which  are  at 
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tlie  top  of  two  insulatiriy  jjlass  columns.  Lastly,  in  the  interior  of 
tlie  iiiilticiiig  or  jiriiuary  cuil  a  cylindrical  bundle  uf  thick  sut't-imii 
wires  is  placed,  terminated  at  tlie  extremities  hy  two  discs  of  the 
Simie  meUl. 

Whenever  the  current  of  nu  electro-inat,'netic  machine  or  vollnic 
pile  is  sent  through  the  inducing  wire  and  traverses  it,  entering  at  / 
and  coining  out  at/',  au  induced  euneiit  will  be  generated  in  the  wire 
of  the  outer  coil,  under  the  double  infinence  of  the  inducing  coil  and 
the  matjnetisni  of  the  bundle  of  soft  iron.  Whenever  the  inducing 
current  is  inteinipted,  it  will  jiroduce  in  the  inthiceii  coil  a  freali 
cuiTeiit  of  contrary  direction  to  the  first.  Multiplying  the  number  of 
the  [msiinjri'S  of  Ihe  cinicnt  and  il.«  intcrrnptions,  a  scries  of  instan- 


taneous CHiTeiits  will  be  produced,  so  near  together  and  eo  intense 
that  the  resulting  effect  will  be  superior  to  that  of  the  most  powerful 
batteries.  It  remains  for  us  to  state  by  what  mechanism  these  suc- 
cessive intcrrnpliuns  are  obtained. 

At  L  we  observe,  mounted  on  a  metallic  column,  a  metal  lever 
having  two  branches,  one  of  which  has  a  point  on  a  level  with  the 
surface  of  the  mercury  contained  in  a  glass,  M,  whilst  the  other 
ia  terminated  by  a  piece  of  soft  iron,  reaching  to  wilhin  a  short 
distance  of  the  bundle  of  iron  wires  of  the  induction  coil.  When 
the  point  touches  the  surface  of  the  mercury,  the  piece  of  iron 
of  the  other  branch  is  no  longer  in  contact  with  the  iron  core 
s  ft  2 


628  PHYSICAL  PHENOMENA.  [book  vi. 


and  the  reverse  of  this  happens  when  this  latter  contact  takes 
place — the  point  no  longer  touches  the  mercury.  Let  us  start 
from  the  first  position  and  notice  what  happens  in  the  apparatus. 
The  current  of  the  pile  then  passes  through  the  column  which 
carries  the  glass  filled  with  mercury,  follows  the  liquid,  the  point 
in  contact  with  it,  and  the  branch  L  of  the  lever  descends  along  the 
column  which  supports  it,  and  by  means  of  a  metallic  band  enters 
the  wire  /'  of  the  induction  coil.  The  current  then  passes  through 
the  induction  coil,  returns  by  /  and  passes  to  the  other  reophore 
of  the  pile ;  thus  the  contact  of  the  point  with  the  mercury  allows 
the  induction  current  to  pass.  But  directly  this  current  enters 
the  coil,  the  bundle  of  soft  iron  is  magnetized,  attracts  the  small 
mass  of  the  lever,  whence  results  the  raising  up  of  the  branch 
carrying  the  point ;  this  leaves  the  surface  of  the  mercury,  and  the 
current  is  broken.  Then  the  magnetism  of  the  bundle  ceases,  the 
contact  of  the  piece  of  soft  iron  no  longer  exists;  and  the  point 
again  touches  the  mercury.  The  same  phenomena  are  produced  in 
the  same  manner,  as  long  as  the  induction  coil  is  in  communica- 
tion with  the  pile.  The  mercury  contact-breaker  which  we  have 
just  described  was  invented  by  M.  Leon  Foucault.  Other  contact- 
breakers  produce  the  same  effect  by  means  of  a  spring. 

We  have  said  nothing  at  present  about  the  commutator,  c,  the 
object  of  which  is  either  to  change  the  direction  of  the  induction 
current,  or  to  interrupt  it.  Euhmkorflf's  commutator  (Fig.  433) 
fulfils  both  functions  at  will :  it  is  both  rheotome  (interrupter  of 
the  current)  and  rheotrope  (inverter  of  the  current).  It  consists 
of  a  cylinder  of  wood  or  glass,  the  convex  surface  of  which  is  partly 
covered  with  two  copper  plates,  c  c',  thick  in  the  middle  and  thinner 
at  the  edges.  These  plates  have  intervening  between  them  two  por- 
tions of  the  surface  of  the  insulating  cylinder;  on  each  side  two 
springs,  //',  press  laterally  against  the  cylinder,  when  it  is  turned 
80  as  to  bring  the  thickness  of  the  copper  plates  in  contact  with 
the  springs.  If,  by  the  use  of  a  milled-head  or  a  handle  with  which 
its  axis  is  furnished,  the  cylinder  is  turned  through  90  degrees,  the 
plates  of  the  springs  are  opposite  the  glass  or  wood,  which  they  need 
not  necessarily  touclL  In  the  first  position,  the  current  passes ;  in  the 
second,  it  is  interrupted.  Indeed,  the  current  reaches  the  pile  with 
the  bindirif;  screw  A  ;  th(;nc(\  by  the  spring  /',  it  pa>scs  to  the  copper 
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plat*  c.  This  communicates  by  a  screw  g  with  one  of  the  pivots  of 
the  cylinder,  then  with  the  button  d,  and  traverses  the  circuit,  one 
of  the  ends  of  which  is  fixed  to  this  latter  point.  It  returns  by  the 
other  extremity  to  the  button  d'  to  the  second  pivot  of  the  cylinder, 
and  by  the  screw  g'  to  the  plate  c',  and  lastly,  by  the  spring  /',  to 
the  binding  screw  a',  whence  it  returns  to  the  pile  When  the 
springs  //'  no  longer  touch  the  plates  c  c',  the  current  can  no  longer 
pass.     This  apparatus  is  then  a  good  interrupter  or  rkeoiome. 

But  when  the  current  passes  as  we  have  just  stated,  it  is 
sufficient  to  turn  the  button  through  180°,  to  change  its  direction. 
For  tlien,  the  plate  c'  touches  the 
spring  /,  and  the  current  passes  from 
n'  to  D,  instead  of  going  from  D  to  d'. 
Thus  the  little  apparatus  of  RuhmkoriT 
is  also  a  commiUafor,  that  is  to  say,  an 
inwrter  of  the  current,  or  rheotropf.  It 
forms  part  of  the  induction  coil ;  but 
it  is  clear  tiiat  it  can  be  used  when- 
ever we  require  to  change  the  direction 
of  a  current. 


When  Ruhmkorff's  coil  is  at  work, 
if  the  two  extremities  of  the  wire  of 
the   induced    or    secondary    coil    are 
brought   sufHciently  near,  a  series  of 
sparks  succeed  each  other  with  such 
rapidity  that  the  line  of  light  appears 
continuous.     It  is  remarkable  that,  of 
the  two  induced  currents  opposite  in      '^"'iMi.hiM''°"pbU'^''ei«itioii"'''^* 
direction  which  are  generated  by  suc- 
cessive  interruptions   of  the   inducing   current,   the   direct  current 
alone  produces  sparks ;  the  tension  of  the  inverse  current  is  not 
sufficiently  strong  to  allow  it  to  traverse  the  air. 

With  the  first  coils,  the  length  of  the  sparks  attained  a  maxi- 
mum of  8  millimetres.  By  degrees,  improvements — among  which 
we  must  point  out  that  of  M.  Fizeau,  which  consists  in  interposing 
a  condenser,  a  Leyden  jar  for  example,  in  the  circuit — have  led  to 
the   production  of  sparks  fi'om  10  to  20  and  30  centimetres.     By 
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ClIAITEK  VII. 

T  li  K      K  L  K  C  T  R  1  C      LIGHT. 

Sparks  obtAined  by  static  electriml  discharges  ;  luininous  tufts—  Light  in  rarefied 
gases — Voltaic  arc  ;  phenomena  of  transport ;  form  of  the  carbon  pointa — 
Intensity  of  the  electric  light — Electric  light  of  induction  currents— Stratifi- 
cations ;  experiments  with  GeisaWs  tubes— Phosphorescence  of  sulphate  of 
quinine. 

BKTWEEN  the  feeble  sparks  seen  in  the  darkness,  when  the  finger 
is  brouglit  near  a  rod  of  resin  which  has  been  rubbed  with  a 
piece  of  cloth,  and  the  long  and  bright  flashes  of  fire  whicli  are  emitted 
by  the  conductors  of  powerful  batteries,  or  by  the  dazzling  light  of 
the  voltaic  arc,  there  is  indeed  a  difference :  it  is,  nevertheless,  the 
same  phenomenon.  It  is  also  the  same  light  which  appears  with 
greater  beauty  and  grandeur  in  thunderstorms. 

Let  us  inquire  into  the  circumstances  under  which  this  light  is 
produced.  \Ve  have  seen  that,  whenever  two  bodies  chained  with 
opposite  electricities,  at  a  sufldciently  great  tension,  ai*e  near  together, 
with  a  non-conducting  interval, — that  is,  when  a  resisting  medium  is 
inteq)osed  between  tlie  two  bodies, — a  spark  passes.  The  tendency 
which  contrary  electricities  possess  to  unite  and  constitute  »  neutral 
electricity,  when  they  find  themselves  prevented  by  the  resistance 
of  a  non-conducting  medium,  leads  to  this  transformation  of  the 
ft)rces,  a  transformation  of  electricity  into  light  and  heat  Hence 
the  spark  in  all  its  forms. 

These  varied  appearances  we  shall  now  review,  bc»th  in  the  case 
of  the  discharges  of  static  electricity,  of  electricity  at  high  tension, 
and  in  dynamic  electrical  currents,  which  the  voltaic  pile  and  induc- 
tion apparatus  have  develo{»ed  to  so  high  a  degree  of  })ower. 

With  ordinary  electrical  machines  of  large  dimensions  remarkable 
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Iiiiiiiiioiis  elFects  iimy  be  produced.  For  thia  purpose  a  metallic  plate 
\&  etiiployed,  which  is  held  in  the  liand  by  au  insulating;  handle,  aiid  is 
joined  by  means  of  a  metallic  chain  to  the  friction  cushiona. 

By  bringing  the  edge  of  the  plate  of  the  conductor  of  the  machine 
to  different  distances,  the  spark  will  at  first  be  seen  under  the  form 
of  a  rectilinear  line  of  light,  of  a  dazzling  whiteness  and  brightneas. 
If  the  tension  of  the  conductor  is  increased  by  turning  the  haadle  of 
the  machine  without  interruption,  Ihe  sparks  succeed  each  other  with 
so  mucli  iiipidjty  that  the  line  of  light  appears  continuous.  The  sparks 
(;et  thinner  at  their  centre,  in  proportion  as  the  distance  of  the  two 
(u>nductiii<;  lK)dics  increases,  and  the  rapidity  of  their  succession 
diininiHlies  ;  then  tlieir  rectilinear  form  gives  pliicc  to  lines  more  or 


h'sis  Kij;»ig,  or  si-rppnl-like  in  fnrni,  as  if  the  resistance  which  the  flow 
of  the  cli-t'tiii-ity  undci'gocs  Jn  its  jKissjise  was  nncijually  <listributed. 

Itesides  the  principal  line  of  light,  we  [wrceive,  when  the  dis- 
tance lieconu-s  still  greater,  Inniinou.-j  brmielK's  which  js.tne  on  uU 
KJdi'S,  and  give  to  the  s])arks  the  forms  rejiifsciited  in  thi^  drawings 
(if  Fig.  4;>r).  These  long  bninch  spnrks  are  evidently  the  form  of 
ti'aii''ition  between  the  rectilinear  si>ark  and  the  luminous  brushes.  To 
obluiii  this  lust  ffirni  ijf  i'leclrir,il  light  ])rodnced  from  the  conductors 
of  i.rdiTiJiry  iiiai-liiiu's,  the  i]ift:illic  plate  musl  be  pri'seiitcd  iit  a  much 
,i;i-.-al,T  .Usiiiiii-i-  than  v^U-n  llir  .'Sparks  wc  have  Mist  ih.-si-Hlied  pu-is 
riiiiii  til. idiiir<.r.    'I"lir-M  tlii-iv  aj.]irins  u.  (-s,M|.t-  fivm  the  nmiliK-tur 

a  kiixl  "i   bimilloLl-    IP-.-    »lllrh    lolU'h.'s   111.'  r.itl.liul..]    with   lis  tntiik 
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wliile  ail  infinite  nuniljcr  of  brandies  diverges  towftnia  the  plate. 
Fig.  436  sliows  a  luminous  tuft  as  obtained  by  Van  MaruiiL  Between 
the  plate  and  the  brush  there  sunietirnes  exists  a  dark  space;  some- 
times a  mass  of  light,  very  narrow  and  having  its  base  on  the  edge  of 


the  plate,  joins  the  top  of  the  brush.  In  this  case,  we  suppose  that 
the  conductor  is  charged  with  positive  electricity,  and  the  plate  elec- 
trified by  induction  is,  therefore,  charged  with  negative  eleftricily.  If 
the  reverse  took  place,  the  brush  with  wide  rHiniHcatious  would  escape 
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from  the  plate  and  the  narrow  root  from  the  conductor.     Faraday, 
who   studied   the   forms  of   positive  and  negative  brushes,  showed 
that  this   difference  results   from   an   unequal  tension   of   the  two 
electricities  when  the  discharge 
takes  place.     Kegative  electri- 
city requires  for  its  discharge 
a  much  less  tension  than  posi- 
tive electricity. 

llie  electric  light  can  be 
produced  in  different  media, 
in  air  and  other  gases,  and 
even  in  bad-conducting  liquids : 
its  appearance,  that  is  to  say, 
its  form  and  colour,  changes 

according  to  the  nature  of  these  media ;  and  when  the  dischai^es 
take  place  in  a  gas,  they  vary  with  its  pressure  or  degree  of  rare- 
faction. In  air,  at  ordinary  pressure,  we  have  seen  tliat  the  spark 
is  a  brilliant  white  According  to 
Van  Marum,  who  made  numerous 
experiments  on  this  subject,  its 
colour  is  bluish,  tinged  with  purple, 
in  nitrogen;  very  white  in  oxygen; 
violet  red  in  hydrogen ;  greenish 
in  carbonic  acid;  reddish-green 
in  carburetted  hydrogen  gas,  and 
white  in  hydrochloric  acid. 

The  trunk  of  the  positive  lumi- 
nous brushes  in  air,  at  the  ordinary 
pressure,  is  of  a  violet  colour,  tinged 
with  purple,  whilst  the  branches 
are  white, — this  is  perhaps  because 
the  light  is  less  condensed.  In 
other  gases  the  colour  of  the  brush 
varies,  as  Faraday's  experiments 
showed:  thus,  in  hydrogen  and  in 
1.  OS  -i,iKhi  In  ihc  iihruiiintn:  v.cuura.       ^^^^  ^^^^  jj.  j^  siightjy  greenish  ;  in 

;en  it  is  white   as  in  air,  but  much  less  beautiful;  in  rarefied 
igeu,  it   is,  on  the   t-ontrary,  a    i nag uifi cent   purple ;  in  carbuuiu 
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oxide  ADd  carbonic  acid  it  is  greenish  in  tlie  first  gas,  and  slightly 
purple  in  the  second,  tn  the  barometric,  or  Torricelliaii  vacuum, 
there  is  no  spark,  or  rather  the  spark  appears  between  the  conductor 
and  the  metallic  wire  which  dips  in  the  mercury :  at  this  moment, 
the  barometric  vacuum  is  illuminated  with  a  greenish  light,  as  in 
Fig.  438. 

For  the  stndy  of  the  luminous   effects  produced   by  electrical 
discharges  in  rarefied  gases,  the  apparatus  represented  in  Fig.  43{J  is 


employed :  this  is  called  an  electric  egg.  The  two  metallic  rods, 
each  terminated  by  a  ball,  and  communicating  with  the  conducting 
caps  of  the  apparatus,  can  be  approached  or  separated  at-will.  The 
egg  can  be  detached  from  its  stand  and  screwed  on  the  plate  of  an 
air-pump,  so  that  the  air  can  be  rarefied  at  will,  a  vacuum  made, 
and  a  gas  introduced  at  any  pressure. 

In  air,  at  ordinary  pressure,  the  spark  obtained  between  the  two 
balls  is  similar  !«  that  we  have  described  at  the  Wginuin*; ;  but  in 
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proportion  as  the  air  is  rarefied,  the  light  changes  in  appearance  and 
escapes  from  the  positive  ball  as  a  branched  sheet ;  at  a  pi-essui-e  of 
60  mm.  it  presents  the  appearance  shown  in  Fig.  440.  It  then  appears 
to  Ikj  composed  of  a  number  of  luminous  bands  of  a  purple  colour, 
some  diverging  laterally,  others  terminating  at  the  negative  ball, 
which  is  itself  enveloped  in  a  thick  sheet  of  violet  light.  When  the 
pi-essure  is  reduced  to  a  few  millimetres,  the  bands  unite  into  a 
luminous  sheaf,  in  the  form  of  a  8i»indle. 

The  various  luminous  phenomena  we  have  just  described  are 
produced  by  static  electrical  discharges.  Between  the  two  approxi- 
mated ends  of  the  reophores  of  a  pile  with  a  very  large  number  of  ele- 
ments, brilliant  sparks  may  be  obtained  which  succeed  each  other  with 
rapidity.  We  have  stated  above  that  the  phenomenon  is  much  finer, 
and  the  light  more  intense,  w^hen  it  is  caused  to  pass  between  two 
carbon  points  terminating  the  extremities  of  the  reophores :  we  then 
obtain  what  is  called  the  voltaic  arc.  By  making  use  of  induction 
currents,  extremely  remarkable  luminous  effects  may  be  obtained 
without  the  necessity  of  a  pile  witli  a  great  number  of  elements.  The 
following  are  some  details  of  the  voltaic  arc  : — 

We  have  already  said  that,  in  order  to  produce  the  luminous  arc, 
it  is  necessary  to  place  the  carbon  points  very  near  to  each  other ; 
but  when  once  the  current  has  conquered  tlie  resistance  of  the 
interposed  air  and  produces  the  light,  the  points  can  be  further 
separated  :  Davy,  working  in  rarefied  air,  obtained  with  his  pile  of 
2,000  couples  an  arc  of  light  of  eighteen  centimetres  in  length. 
Tlie  luminous  intensity  of  the  voltaic  arc  is  so  considerable  that 
tlie  eye  can  scarcely  endure  its  brightness.  According  to  some 
experiments  made  by  MM.  Fizeau  and  Foucault,  this  intensity 
is  nearly  fifty  times  greater  than  that  of  iJrummond's  light, — ^that 
is,  the  brilliant  light  produced  by  directing  an  ignited  jet  of 
oxy-hydrogen  gas  on  a  piece  of  lime ;  solar  light  has  scarcely  an 
intensity  triple  that  of  the  voltaic  arc.  These  two  experimenters 
worked  with  a  Bunsen's  battery  of  92  couples  arranged  in  two 
series. 

In  studying  the  very  interesting  ])lienoinenon  of  tlie  voltaic  arc, 
it  li;is  been  noticed  tluit  the  electrical  current  passing  continuously 
between  the  two  ])oints  transports  from  one  to  the  other  minute 
]>arti(les  of  carbon:    this  tran^i)ort  of  matter  is  made  with  greatest 
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readiness  from  the  positive  to  the  negRtlvo  [Hile,  so  that  the  points 
become  unequal  in  size:  the  negative  point  increases  at  the  expense 
of  the  other.  Fiy.  441  ahowa  the  appearance  of  the  two  points,  as 
seen  by  projection  on  a  screen,  in  an  enlarged  form.  We  will  leave 
the    description  of  it   to  the   learned   physicist   to  whom   we   owe 


this  drawing.  if.  Lc  Koiix,  iu  a  conference  on  the  application 
of  electricity  to  lighthouse  illumination,  given  by  him  at  tlie 
Sitniti  d'£nci'vr<rffrmrril  pour  Vlnduslrie  natJonale,  described  it 
iis  follows : — "  In  order  tg  directly  cxaraine  what  passes  in  the 
viiltnic    arc,    great     i-ai'e     must    Ije    taken    to    place    the    eye    in 
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safety  from  the  considerable  intensity  of  the  light,  but  this 
same  intensity  allows  us  to  observe  the  whole  of  the  smallest 
details  of  the  carbon  surfaces.  It  is  sufficient  to  interpose  be- 
tween them  and  the  screen  a  lens  with  a  proper  focus :  you  will 
then  perceive  the  image  of  the  carbon  points  enlarged  a  hundred 
times ;  this  projection  enables  you  to  examine,  withoxit  fatigue,  the 
whole  of  the  phenomena.  Here  are  some  carbon  points  between 
which  the  continuous  current  of  a  Bunsen's  pile  passes.  You  see 
one  of  the  points  increases  at  the  expense  of  the  other:  this  one, 
which  is  the  most  used,  is  the  positive  point ;  it  is  this  which 
communicates  with  the  carbon  end  of  the  pile ;  if  it  is  more  pointed 
than  the  other,  it  is  because  it  loses  material  which  the  other 
acquires.  We  can,  indeed,  reverse  the  direction  of  the  current :  you 
then  see  the  carbon  point  which  was  just  now  the  most  pointed, 
inci*eases,  whilst  the  other  becomes  more  slender ;  besides,  from  time 
to  time  some  larger  patches  detach  themselves,  traverse  the  space 
under  the  form  of  little  incandescent  masses,  and  indicate  the  direc- 
tion of  transport.  You  see  little  globules  boil  up  here  and  there 
on  the  surface  of  the  carbon ;  these  are  globules  of  melted  silica : 
you  will  remark  that  these  globules  do  not  appear  on  the  carbon 
points  where  the  temperature  is  highest ;  they  are  volatilized  at  the 
outset.  Now  we  are  in  a  very  impure  vein,  and  a  considerable 
quantity  of  these  silica  globules  show  themselves ;  the  brightness  of 
the  arc  suffers ;  blowing  lightly  against  the  carbons,  the  current  of 
air  inclines  the  arc  and  shows  us  its  development.  We  now  reach 
a  part  of  the  carbons  where  their  purity  leaves  nothing  to  be  desired. 
You  see  how  quiet  the  arc  is,  the  progress  regular,  the  points  clearly 
terminated.  You  will  see  the  quiet,  bluish  light  of  the  arc  contrast- 
ing with  the  bright  white  of  certain  parts  of  the  points ;  the  arc 
forms  a  kind  of  truncated  cone  swollen  in  the  middle,  the  two  bases 
of  which  are  the  carbons :  these  two  bases  are  the  brightest  por- 
tions, the  temperature  is  the  highest  in  them,  the  molecules  trans- 
ported by  the  current  strike   them." 

When  a  space  filled  with  gas  or  very  rarefied  vapours  is 
traversed  by  induction  currents,  the  luminous  eiVects  present  par- 
ticular characteristics  of  ^reat  interest. 

ir   the  air  contained  in  an  electrical  cLru'  i"^  rarcticd   t<>  a  ]>ressuro 
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of  two  or  three  millimetres,  and  if  the  interior  baits  are  placed 
iu  communication  with  the  poles  of  a  BuhmkorfTs  coil,  a  magnificent 
iuminous  sheaf  is  seen,  of  a  beautiful  red,  starting  from  the  positive 
ball,  whilst  the  n^ative  ball  and  rod  are  enveloped  iu  a  sheet  of  light 
of  a  bluish  purple.  If  the  direction  of  the  current  is  reversed  with 
a  key,  or  commutator,  the  two  lights  are  inverted;  the  sheaf  issues 
from  the  lower  ball,  whilst  the  violet  aureola  envelopes  the  upper  balL 
li,  before  rarolying  the  air,  vapours  of  different  substances  are  intro- 


i--^ 
&'!' 


duced, — for  example,  alcohol,  phosphorus,  or  essence  of  turpentine, — 
the  luminous  sheaf  assumes  a  particulai-  aspect  which  was  discovered 
nearly  at  the  same  time  by  RuhmkorfT,  Grove,  and  Quet.  The  red 
light  of  the  sheaf  is  interrupted  transversely  by  very  narrow  dark 
bands,  so  that  it  is  alternately  formed  of  dark  and  bright  stritc.  From 
the  middle  of  the  sheaf,  where  the  stvi^  are  rectilinear,  they  are 
curved  iu  two  opposite  directions,  each  facing  the  balls  coucavely 

T   T 
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To   this   phenomenon   is    given   the   name   of  stratificatio'n  of  Ihe 
electric  light. 

Since  the  time  of  this  discovery,  different  forms  have  been  giveift 
to  the  vessels  which  contain  the  rarefied  vapours  suitable  for  the 
production  of  the  stratifications.  Plate  X.  (the  various  drawings  of 
which  have  been  made  from  the  objects  themselves)  repi^oduces 
Bome  of  the  most  curious  effects  of  this  kind,  produced  in  tubes 
known  as  Geissler's  tubes.  The  beauty  of  these  luminous  effects. is 
again  enhanced  by  the  phenomena  of  phosphorescence  which  the 
electric  light  produces  in  uranium  glass,  and  in  certain  salts  (notably 
sulphides),  of  strontium  and  calcium,  and  also  in  sulphate  of 
quinina 
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ATMOSPHERIC  METEORS. 

Optical  meteors  :  mirage,  rainbow — Tension  of  aqueous  vapour  in  the  atmosphere  ; 
hygronietry — Clouds  and  fogs — Dew,  rain,  snow — Crystals  of  snow  and  ice — 
Variations  of  barometric  pressure — Measure  of  maxima  and  minima  tempe- 
ratures— Electrical  meteors  ;  thunderbolts,  thunder  and  lightning — Aurone 
boreales. 

fTlHE  reader  who  has  occupied  himself  with  the  studies  of  which 
-*-  we  have  spoken  at  some  length,  though  in  a  very  incomplete 
manner,  will  find  that  all  the  i)hysical  i)henomena  of  nature  arrange 
themselves  in  one  or  other  of  the  categories  which  correspond  to  the 
six  Books  of  this  work :  Weight,  Sound,  Light,  Heat,  Magnetism,  and 
Electricity.  We  have  seen  moreover  that  electricity  and  magnetism 
have  the  same  cause — that  they  are,  in  fact,  two  modes  of  action,  at 
first  sight  different,  but  really  the  same,  resulting  from  the  same 
physical  agent.  The  more  science  advances,  the  more  are  the  divi- 
sions of  which  we  speak  effaced ;  in  other  wonls,  the  more  evident 
does  it  become  that  one  principle  will  probably  some  day  or  other 
account  for  the  varied  phenomena  perceived  by  our  senses,  and  of 
which  the  world  presents  a  perpetual  development.  Moreover,  in 
nature  these  phenomena  are  not  isolated :  the  separation  which 
science  is  obliged  to  make,  without  which  separation  indeed  science 
would  not  be  possible,  does  not  exist  in  reality;  not  only  do  the 
phenomena  co-exist,  but  they  act  and  re-act  one  on  the  other ;  they 
strive  with.  iuterj)enetrate,  and  modify  each  other  in  a  thousand 
different  ways,  and  these  are  the  innumerable  actions  which  become 
to  the  observer  or  contemplator  of  the  universe  the  source  of  all  the 
contrasts  and  of  all  the  harmonies  which  he  observes. 
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In  this  concluding?  Book  it  is  imposaiWe  to  present  a  sketch  of 
the  immense  picture — the  magnificent  panorama  which  results  firom 
the  concourse  of  physical  phenomena ;  but  we  cannot  omit  showing 
the  ties  hy  which  some  of  them  are  bound  to  the  facts  which  we 
have  studied,  and  which  the  physicist  repro^luces  on  a  smaller  scale 
in  his  laboratory.  Let  us  for  this  purpose  consider  some  of  those 
phenomena  which  are  called  atmospheric,  the  place  of  their  produc- 
tion lieing  the  aerial  envelope  with  which  the  terrestrial  globe  is 
surrounded.  They  may  be  arranged  in  three  principal  classes : 
Inrninmui  f/r  optical  mcfer/r^ ;  nquemis  meteom,  the  production  of  which 
is  due  to  the  modification  undergone  by  aqueous  vapour  under  th** 
influence  of  variations  of  pressure  and  temperature ;  and  lastly, 
ehetricaJ  or  raafpietic  meteors. 

Tl)e  refraction  of  the  luminous  rays  which  have  to  pass  through 
eithf^r  the  entire  strata  of  the  atmosphere,  or  a  part  of  them,  gives 
rise  to  numerous  phenomena,  amongst  which  we  have  already  de- 
8cril)ed  the  apparent  elevation  of  objects  above  their  real  position, 
which  is  called  atmospheric  refraction.  Mirage  is  a  phenomenon  due 
to  the  same  cause ;  it  is  observed  chiefly  on  the  surface  of  plains  of 
sand,  when  the  ground  has  been  strongly  heated  by  the  sun's  rays. 
The  traveller  who  crosses  these  plains,  then  sees  objects  which  are 
raised  alx^ve  the  ground,  reflected  as  if  on  a  liquid  expanse;  the 
illusion  is  so  strojig  that  those  who  are,  for  the  first  time,  witnesses  of 
the  phenomenon,  cannot  help  believing  in  the  real  existence  of  a  lake 
spreading  its  waters  along  the  horizon.  The  French  soldiers  in  the 
Egyptian  expedition  were  more  than  once  deceived  by  this  false 
appearance.  Overcome  with  fatigue  and  thirst,  they  saw  the  longed- 
for  lake  recede  as  they  approached,  renewing  for  them,  under  a  form 
not  less  deceptive,  the  tortures  of  Tantalus.  Monge,  one  of  the  men 
of  science  of  the  Egyptian  Institute,  was  the  first  to  give  a  complete 
explanation  of  the  mirage,  which,  however,  is  not  alone  observed  in 
tlie  African  deserts. 

The  following  is  his  theory  of  the  mirage.  The  solar  rays,  on 
roar.]iin<^  tlie  surfjico  of  the  sandy  stratum,  heat  it  stroni^'ly,  whilst 
tliey  have  ])ass(;(l  throu^'li  the  snper])Ose(l  strata  f»f  air  without  luucli 
raising,'  their  tciiniK'raturo, — tlie  absorl)iii.L;  ])Ower  of  gases  being  very 
sniiill  ('()inj)an'(l  with  that  of  solids.      liut  the  heat  of  the  ground  is 
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communicated  by  direct  contact  to  the  lowest  stratum  of  air  and  from 
that  successively  to  those  above  it ;  and  expanded  air  rises  in  virtue 
of  its  specific  lightness ;  but  if  the  ground  presents  a  nearly  horizontal 
level,  and  if  the  atmosphere  is  calm,  equilibrium  is  retained,  and  feeble 
currents  produced  by  some  inequalities  in  the  expansion  of  the 
different  portions  of  the  lower  air  are  alone  produced.  Hence  it 
follows  that,  towards  the  middle  of  the  day,  the  strata  of  the  air 
nearest  the  ground  are  arranged,  from  top  to  bottom,  in  the  order  of 
decreasing  density.  Let  us  now  imagine  a  luminous  beam  sent 
obliquely  to  the  ground  from  the  point  M,  a  tree  in  our  sketch 
(Fig.  445) ;  on  passing  from  the  rarer  into  the  denser  stratum,  it 
will  deviate  from  the  vertical,  from  a  to  d,  and  this  deviation  will 
increase  in  proportion  as  it  encounters  strata  more  and  more  refrac- 
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tive,  until  falling  at  A  on  a  stratum  with  the  surface  of  which 
it  makes  an  angle  equal  to  its  limiting  angle,  it  will  undergo  total 
reflection.  Starting  from  this  point,  it  will  follow  a  contrary  path, 
getting  nearer  and  nearer  to  the  vertical,  falling  on  o  in  the  observer's 
eye,  who  then  sees  an  image  of  the  point  M  in  m'.  The  same  path 
being  applied  to  all  the  points  of  the  object — here  it  is  a  tree, — it  will 
appear  reflected  as  in  a  mirror,  and  the  observer  will  see  it  as  a 
reversed  image.  The  sky  is  reflected  in  the  same  manner,  whence 
the  brilliancy  of  the  ground  at  a  certain  distance  from  the  object,  and 
the  appearance  which  causes  the  belief  in  the  presence  of  a  liquid 
between  the  eye  and  the  object. 
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The  phenomenon  of  the  mirage  takes  place  also  on  the  surface 
of  the  sea,  when  the  water  has  a  higher  temperature  than  that 
of  the  air,  and  the  explanation  is  the  same  as  that  of  tlie  mirage 
on  land. 

When  tlie  strata  of  the  air  are  unequally  heated,  instead  of 
being  separated  by  horizontal  surfaces,  they  are  more  or  less  oblique, 
and  we  get  the  lateral  mirage  which  is  observed  principally  in 
mountainous  countries,  or  in  the  vicinity  of  buildings:  in  this  last 
instance,  the  objects  appear  reflected  as  in  a  vertical  mirror.  It  even 
happens,  as  is  sometimes  observed  at  sea,  that  the  mirage  of  the 
object,  as  a  vessel  for  instance,  is  formed  above  it.  The  sou  of  a 
celebrated  navigator  and  ])hysicist,  Scoresby,  witnessed  in  the  polar 
seas  this  last  phenomenon,  which  was  then  called  the  inverted  mirage. 
One  day  he  perceived  in  the  air  the  inverted  image  of  the  ship  wliicli 
his  father  commanded,  and  from  which  a  sudden  storm  had  sepaittted 
him,  and  the  image  was  so  clear  that  he  could  recognize  the  vessel, 
although  it  was  completely  hidden  below  the  horizon.  To  explain 
this  phenomenon,  the  existence  of  horizontal  strata  of  air,  the  density 
of  which  rapidly  diminishes  from  below  upwards,  must  be  supi)Osed 
lit  a  certain  height  in  the  atmosphere. 

The  mirage  is  a  phenomenon  of  simple  refraction.  The  rainbov\ 
halo.%  and  p^irhclia  are  luminous  meteors  produced  by  the  dis- 
IKrHion  of  light  during  its  passage  through  i-ain-drops,  the  very 
small  drops  of  which  form  the  clouds  or  haze  which  float  in  the 
atmosphere.  We  shall  c^jufine  ourselves  to  a  statement  of  the  theory 
of  the  rainbow,  propounded  by  Antonio  de  Dominis  in  IGll 
elaborated  by  Descartes,  and  lastly  perfected  by  Newton. 

We  all  know  that  the  rainbow  or  iris  is  seen  opposite  to  the  sun, 
through  the  clouds  which  are  turned  into  rain,  and  that  it  is  some- 
times simple  and  sometimes  accompanied  by  an  outer  bow  lci=8 
brilliant  tliJin  the  first.  The  princi])al  or  interior  bow  forms  a 
circular  band  in  the  width  of  which  the  various  coloui-s  of  the 
s])ectruiu  are  seon  in  order  from  violut  to  red,  starting  from  the 
inside  of  tlie  l)o\v.  The  secondarv  bow  i.s  wider  tluui  the  lirst  anil 
sliows  the  same  colours  arnmi'cd  in  a  reverse  order,  so  tliat  the  red 
is  inside,  next  to  the  red  of  th<*  iirineipal  bow.  Plate  XI.  shows  this 
airanL:<*nient  and  udves  an  exact  idea  of  the  width  and  i-elalive  l»ri;iht- 
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iies3  of  the  bows,  as  well  as  tlio  apparent  dimensions  of  the  zone 
wliich  separates  tliem. 

To   account  ibr  the  conditions  wliich  produce  the  phenomenon, 
let  Hs  trace  the  path  of  a  solar  ray,  which  falls  on  the  surface  of  a 


spherical  dro])  of  rain.  On  arriving  at  tlie  surface  of  the  sphere,  tlie 
luminous  ray  is  refracted  and  approaches  thp  normal  at  the  point  of 
incidence.  On  meetinj;  the  interior  surfiice  of  the  liquid  sjiheru  it  is 
divided  ;  part  of  it  einerj;ea  and  the  other  part  is  rellL'cteil.    The  siinie 


effect  takes  place  at  each  of  the  meetings  of  the  reflected  ray  with  the 
surface  of  the  drop,  the  intensity  of  the  reflection  diminishing  in  pro- 
portion as  the  successive  reflections  are  accomplished.  Knowing  the 
angle  of  incidence  of  the  hiininous  ray,  the  angle  at  wliich  it  leaves 
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the  liquid  sphere,  after  one,  two,  or  any  number  of  interior  reflections, 
can  be  calculated.  Instead  of  a  single  ray  of  light,  if  we  imagine  a 
beam  such  as  s  i,  the  angle  of  incidence  of  the  rays  which  compose 
the  beam,  not  being  the  same  for  all,  the  emerging  rays  will  emerge 
generally  in  diverging  from  the  sphere,  in  such  a  manner  that  if  dis- 
persed through  space  they  could  not  act  on  the  eye  or  produce  an 
image  on  the  retina  at  any  distanca  Nevertheless,  calculation  proves 
that  for  certain  incidences  the  emergent  rays  form  a  cylindrical  beam, 
the  intensity  of  which  will  remain  sensibly  the  same  at  a  considerable 
distance.  Newton  gave  the  name  of  effective  rays  to  those  which 
possess  this  property. 

Let  us  recall  to  mind  that  the  different  coloured  rays  of  which  a 
beam  of  white  light  or  solar  light  is  composed,  have  not  the  same  re- 
frangibility.  The  incidences  which  correspond  to  the  effective  rays  of 
each  simple  colour  are  therefore  not  the  same;  hence  it  follows  that  on 
emerging  from  the  liquid  sphere  the  incident  beam  will  be  divided 
into  as  many  separate  rays  as  there  are  colours  in  the  spectrum.  On 
calculating  the  angles  of  incidence  for  the  rays  of  the  extreme  simple 
colours,  the  violet  and  the  red,  after  a  single  internal  reflection  we  find: 

For  the  violet  rays,  an  angle  of  incidence  of  SS""  40';  for  the  red 
rays,  an  angle  of  incidence  of  59°  23'. 

Therefore  the  angles  which  the  emerging  rays  make  with  the 
direction  of  the  incident  rays  are  40""  17'  for  the  violet  rays,  and 
42°  2'  for  the  red  rays. 

In  the  case  of  two  internal  reflections,  in  A  and  b  the  angles  of 
incidence  of  the  effective  rays  are : 

For  the  violet,  71°  26';  for  the  red,  71°  50';  and  the  deviations 
undergone  by  the  rays,  after  this  emergence  from  the  liquid  sphere, 
are  50°  59'  for  the  red  rays,  and  54°  9'  for  the  violet  rays. 

By  means  of  these  data,  it  may  be  seen  that  the  principal  rainbow 
is  produced  by  the  solar  rays  which  have  undergone  a  single  reflection 
in  the  interior  of  the  liquid  spheres  composing  the  rain-drops.  The 
exterior  rainbow  is  produced  by  the  rays  which  have  passed  through 
two  successive  reflections.  Let  o  z  be  a  line  parallel  to  the  direction 
of  the  solar  rays,  and  passing  through  the  eye  of  the  observer  who 
turns  his  back  on  the  sun.  Looking  in  the  direction  0  a,  so  that  the 
anf^le  a  o  z  is  that  of  the  deviation  corresponding  to  the  effective 
violet  rays,  the  observer  will  receive  on  his  eye  a  violet  ray  pro- 
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ceeding  from  the  solar  ray  s  a,  whicli  has  been  once  reflected  in  the 
rain- drops,  when  they  pass  successively  in  their  fall  by  the  point  a. 
Indeed  the  parallelism  of  the  lines  o  z  and  s  a  conduces  to  the  equality 
of  the  angles  sac  and  a  o  z ;  now  this  last  is  by  hypothesis  equal  to 
the  angle  of  deviation  which  corresponds  to  the  effective  violet  rays. 
The  ray  s  a  will  then  find  a  rain-drop,  whose  position  will  be  that 
which  agrees  with  the  calculated  incidence  and  emergence ;  and  the 
eye  will  see  a  violet  point.  About  2  degrees  higher,  at  6,  he  will  see 
a  red  point,  and  in  the  interval  a  h  all  the  shades  of  the  spectrum 
comprised  between  the  violet  and  the  red;  that  is  to  say,  indigo 
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blue,  green,  yellow,  and  orange.  But  the  same  thing  will  evidently 
occur  in  every  direction  making  with  o  z  the  same  angles  as  those  of 
which  we  have  spoken.  The  observer  will  then  see  bands  of  all  these 
colours,  projected  on  the  sky  under  the  form  of  concentric  circles 
having  their  centres  on  the  line  0  z,  in  a  point  diametrically  opposite 
to  the  sun.  So  much  for  the  solar  rays  which  penetrate  tlie  rain- 
drops and  emerge  after  a  single  reflection.  Those  which  have  under- 
gone two  reflections  will  arrive  at  the  eye  forming  with  the  line  o  z 
angles  of  50°  59',  if  they  are  red  rays,  and  54°  9'  if  they  are  violet  rays. 


L 


the  efiective  rays  of  the  intermediate  colaura  will  be  compiiaed 
between  these  extreme  rays ;  but  in  this  case  the  red  will  be  at  the 
interior  and  the  violet  at  the  exterior. 

These  results  are  deduced  from  calcalatioo,  according  to  the 
laws  of  reflection  and  refraction  of  light,  and  the  index  of  refraction 
of  water.  Now,  the  angular  dimeDsions  of  each  rainbow,  the 
width  of  the  zones,  and  that  of  the  interval  which  separates  them, 
are  so  many  consequences  of  the  preceding  data,  and,  if  the  theorj- 
i3  correct,  observation  ought  to  verify  the  tnith  of  it ;  and  indeed 
the  explanation  of  Newton,  and  of  all  observers  who  after  hitn 
studied  the  rainbow,  has  been  verified.  When  the  sun  is  at  the 
horizon,  the  line  o  z  is  in  this  plane  ;  the  centre  of  the  arcs  is 
theu  itself  at  the  horizon,  and  the  rainbow  is  seen  under  the  form 
of  a  semicircle ;  and  it  presents  this  form  both  at  the  rising  and 
the  setting  of  the  sun  to  an  observer  situated  in  the  plain.  For 
ditfercnt  heights  of  the  sim,  the  rainbow  has  au  amplitude  less 
than  a  semi-circumference,  which  gets  less  as  the  sun  gets  higher. 
Lastly,  if  the  observer  were  situated  on  a  very  high  mountain  and 
on  a  narrow  peak,  he  would  be  able  to  see  more  than  a  semi-circnm- 
ference,  and  even  a  complete  circle,  if  the  rain  fell  at  a  considerable 
distance. 

It  must  not  be  forgotten  that  the  rainbow  is  a  phenomenon  the 
production  of  which  depends  only  on  the  position  of  the  observer 
relatively  to  that  of  the  sun,  and  of  the  cloud  which  is  converted 
into  rain.  ITierefore  if  two  persons  at  a  distance  from  each  other 
see  a  rainbow  at  the  same  time,  they  do  not  see  the  same  arc. 
If  this  were  the  case,  tlie  observer  situated  obliquely  would  see 
it  in  perspective,  and  in  the  form  of  au  oval  or  ellipse,  not  as  a 
circia  Theory  and  observation  agree  in  proving  the  impossibility 
of  the  fact  we  have  just  imagined.  We  have  often  heard  persons, 
to  whom  we  have  mentioned  having  seen  a  rainbow,  reply  that  they 
also  had  seen  it ;  hut  they  were  mistaken,  at  least  unless  they  were 
precisely  in  the  same  position  as  we  ourselves  were,  at  the  same 
instant. 

AqueoiiK  nuteors  are  those  caused  by  the  transformation  which 
the  vapour  contained  in  tlte  air  undergoes,  under  the  intiuence  of 
variations   of   temperature.      Clouds,   fogs,   iiiin,   snuw,   <lew,  white 
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frost  and  hoar  frost,  are  the  diflerent  forms  under  which  the  atmo- 
spheric water  is  pi*esented  to  our  view,  which  therefore  assumes  these 
three  conditions :  the  gaseous  condition,  when  it  exists  as  invisible 
vapour ;  the  liquid  condition,  when  the  lowering  of  temperature 
condenses  it  into  drops  more  or  less  small ;  lastly,  the  solid  condi- 
tion, if  a  still  greater  cooling  congeals  the  drops  which  then  fall 
in  the  form  of  white  flakes,  or  arrange  themselves  into  crystals  on 
the  surface  of  the  ground.  The  complete  description  and  detailed 
explanation  of  these  different  phenomena  would  take  us  beyond  the 
limits  of  our  space.  We  shall  therefore  limit  ourselves  to  an  indica- 
tion of  the  physical  laws  which  relate  to  their  production. 

Analysis  proves  that  the  air  is  a  mixture  of  two  permanent  gases, 
oxygen  and  nitrogen,  with  which  variable  quantities  of  aqueous 
vapour  and  carbonic  acid  are  mixed.  But  wliile  the  proportion  of 
oxygen  and  nitrogen  remains  constant,  that  of  the  aqueous  vapour 
varies  perpetually  and  depends  on  numerous  atmospheric  conditions, 
such  as  temperature,  direction  and  force  of  the  wind,  &c. 

It  is  very  important  to  the  science  of  meteorology  to  know  how 
to  determine,  at  a  given  instant,  the  hygrometric  state  of  the  air. 
By  this  term  we  understand  the  relation  between  the  tension  of 
the  aqueous  vapour,  which  is  actually  contained  in  it,  and  the 
maximum  tension  which  the  same  vapour  would  possess  if,  at  an 
observed  temperature,  the  air  were  saturated  with  it. 

This  relation  is  deduced  from  the  indications  of  instruments 
called  hygrometers^  constructed  on  different  principles,  among  which 
we  shall  only  describe  the  luiir  hygrometer,  which  bears  the  name  of 
De  Saussure,  its  inventor. 

It  is  based  on  the  property  which  hairs,  like  many  other  animal 
substances,  possess,  of  being  very  sensible  to  variations  of  atmo- 
spheric dampness.  A  hair  previously  washed  in  sulpliuric  ether, 
which  frees  it  from  the  oily  matter  which  it  contains,  lengthens  when 
it  absorbs  a<[ueous  vapour  and  shortens  when  it  loses  the  absorbed 
moisture.  The  following  is  the  manner  in  which  these  changes  of 
dimension  are  rendered  sensible : — 

The  hair  is  fixed  by  its  upper  extremity,  and  passes  round  a 
pulley  at  the  centre  of  which  there  is  a  needle  moving  on  a  divided 
circle.  A  small  weight  keeps  it  on  the  pulley;  and  as  this  forms  with 
the  needle  a  system  of  unstable  equilibrium,  the  least  variation  in  the 
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length  of  the  hair  turns  the  pulley,  and  therefore  the  needle,  in  one 
direction  or  the  other. 

The  hygrometer  is  graduated  by  taking,  for  the  fixed  points,  the 
extreme  dryness  or  dampness  of  the  air,  by  the  following  method : — 
The  instrument  is  placed  under  a  bell-jar,  the  air  of  which  is  dried 
by  chloride  of  calcium,  and  when  the  needle  stops  at  a  fixed  posi- 
tion, it  is  marked  0"";  the  apparatus  is  then  placed  under  another 
bell-jar,  the  interior  of  which  is  moistened  with  water :  the  air  con- 
tained in  this  jar  is  thus  saturated  with  vapour.  The  needle  passes 
in  the  contrary  direction,  and  ends  by  stopping  at  a  point  which 

corresponds  to  the  state  of  the  air  saturated  with 
vapour. 

Tliis  point  is  marked  100^  and  the  interval 
comprised  between  the  two  fixed  points  is  divided 
into  100  equal  parts  or  degrees. 

The  hygrometer  thus  constructed  and  graduated 
shows  well  if  the  air  is  more  or  less  damp ;  but, 
to  conclude,  from  a  marked  hygrometric  d^ree, 
the  tension  of  the  vapour  with  regard  to  the  ten- 
sion of  the  air,  saturated  at  the  same  temperature, 
one  must  construct  and  calculate  empirical  tables 
which  give  this  relation.  A  thermometer  is 
generally  added  to  a  hair  hygrometer,  the  utility 
of  which  will  be  understood  after  what  we  have 
just  said.  Hair  hygrometers  present  this  incon- 
venience, that  their  indications  are  not  exactly 
comparable;  hairs  belonging  to  different  indi- 
viduals have  not  in  the  same  d^ree  the  pro- 
perty of  absorbing  dampness. 

The  hygrometric  state  of  the  air  can  also  be  deduced  from  the 
temperature  to  which  it  must  be  lowered,  in  order  that  the  vapour 
which  it  retains  may  be  sufficient  to  saturate  it.  The  instruments 
which  serve  to  determine  this  temperature  are  condensing  hygro- 
meters, thus  named  because  the  vapour  condensed  on  the  surface 
of  a  polished  inetiil  indicates  the  saturation  of  the  air  produced  by 
an  artificial  falling  of  the  temperature  :  these  instruments  are  pre- 
pared by  meteorologists  ou  aceouiit  of  their  precision.  The  quantity 
of  atmospheric  aqueous  vapour  generally  increases  with  the  tenii)era- 
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ture ;  it  is  greater  at  sea  and  on  the  coast  than  far  inhmd.  It  varies 
according  to  the  l^ours  of  the  day,  increasing  in  proportion  as  the 
temperature  rises.  It  also  varies  in  the  various  seai=?ons  of  tlie  year  ; 
the  wannest  are  those  in  which  the  air  contains  the  greatest  absolute 
(juantity  of  vapour.  The  contrary,  liowever,  happens  for  relative  damp- 
ness ;  it  is  generally  during  the  night,  or  during  tlie  coUl  season,  that 
it  exists  in  greatest  quantity, — that  is  to  say,  tliat  the  air  is  nearest 
saturation.  Lastly,  the  direction  of  tlie  wind  lias  also  a  great 
influence  on  the  hygrometric  condition  of  the  air,  hut  it  is  impossible 
to  give  an  idea  of  this  influence  without  entering  into  extremely 
complex  details,  since  the  atmosi)heric  conditions  change,  so  to  speak, 
in  different  regions  of  the  globe. 

Dcio  is  nothing  more  than  a  deimsition  of  the  vai»our  contained 
in  the  air,  which  the  cooling  of  objects  situated  on  the  surface  of 
the  ground  has  condensed  into  flue  drops  during  the  night.  Dew 
appears  especially  during  the  serene  nights  of  autumn  and  spring : 
because,  at  these  periods,  there  is  a  great  difference  between  the  warm 
temperature  of  the  day  and  that  of  the  night.  The  atmosi)here  then 
contains,  during  the  day,  a  sufficient  quantity  of  vapour ;  and,  if  the 
sky  is  not  covered  with  clouds,  the  ground  radiates  into  space  a 
quantity  of  heat,  witliout  the  air  in  itself  being  cooled  as  much  in  its 
upper  strata:  but  the  contact  of  the  ground  will  caus(»  the  tem- 
j)erature  of  the  lower  strata  to  fall,  which  will  be  saturated,  and  their 
vapour  will  be  deposited  in  the  form  of  dew  on  bodies,  with  much 
more  abundance  as  these  are  less  good  conductors  of  heat,  and 
endowed  with  greater  radiating  power. 

Clouds  prevent  radiation  from  being  so  intense;  and,  moreover, 
between  them  and  the  ground  an  exchange  of  heat  takes  place  :  this 
explains  why  there  is  little  or  no  dew  in  dull  weather. 

When  the  tempemture  of  the  night  falls  below  zero,  the  dew 
deposited  on  the  ground  is  congealed,  crystallizing  in  the  form  of  very 
flne  icicles :  this  phenomenon  is  known  as  irhite  or  hoar  frost. 

When  the  condensation  of  the  atmospheric  vapour  is  determined  by  a 
fall  of  temperature  in  the  upper  strata  of  air,  very  small  diH)ps  of  water 
produced  by  this  condensation,  collected  in  a  space  more  or  less  great, 
interfere  with  the  transpai*ency  of  the  air,  and  form  either  clouds  or 
fogs.     Fogs  only  differ  fi-om  clouds  by  their  proximity  to  the  ground. 
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Clouds  continually  cliange  in  form ;  but  it  is  not  alone  the  influence 
of  aerial  currents  which  modify  them  :  sometimea  they  are  dissipated, 
because  they  meet  with  strata  of  a  higher  temperature,  and  part  of 
the  water  which  forms  them  passes  into  the  state  of  vapour;  some- 
tiraea,  on  the  other  hand,  they  increase  by  a  i'reali  condensation,  ami 
then,  if  the  drops  assume  a  more  considerable  volume  and  weight, 
they  fall  to  the  ground,  presenting  the  pheuoinenon  of  rain.  A  change 
of  wind  often  brings  rain,  either  because  the  cold  masses  of  air  are 
thus  mixed  with  air  charged  with  vapours,  and  saturate  tliem,  or,  on 
the  other  band,  Irecnuse  the  masses  of  warm  air  charged  with  vapour 
are  then  mixed  with  a  colder  atmosphere. 

Jd  winter,  when  tlie  temperature  is  low  enough  for  the  drops  of 
water,  fomung  clouds,  to  be  congealed,  snow  falls  instead  of  rain. 
Snow-flakes   are   formed  -by   the   agglomeration    of   small   crystals, 


1  in  a  star-like  form,  with  a  symmetry  which  is  really  won- 
derful. We  have  reproduced  in  Fig.  450  the  various  forms  which 
the  navigator  Scoresby  has  described,  and  figured  in  the  account 
of  his  voyages  to  the  Arctic  seas.  It  has  been  remarked  that  the 
greatest  number  of  them  are  hexagonal  polygons — stars  with  six 
points;  all  the  small  facets  forming  the  crystals  making  angles  of 
60°  or  120°,  Sometimes  drops  of  water  from  the  clouds  are  agglo- 
merated, on  congealing,  into  liltle  irregular  masses  more  compact  than 
snow.     They  then  fall  as  sleH,  or  hail. 

The  crystalline  form  assumed  by  atmospheric  wal«r  on  congealing 
also  belongs  to  the  compact  and  transparent  masses  of  ice  which  tlie 
low  temperatures  of  winter  produce  on  the  surface  of  ponds,  lakes, 
and  rivers.     On  examining   ice   with   the   naked  eye,  its   struclni* 
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appears  confused,  but  Tyndall  lias  succeeded  in  proving  its  ciystalline 
texture  by  a  very  curious  experiment,  wliich  consists  in  passing  a  beam 
of  solar  or  electric  light  tlirough  a  block  of  ice.  The  heat  of  the 
beam  is  partly  absorbed  by  the  molecules  of  which  the  block  ia 
composed,  and  the  retura  to  the  liquid  state  is  gradually  produced. 


Pia  us.— Ic»-Dowtn  (TJimUUi. 


By  examining  what  is  passing  in  the  interior  of  the  block  by 
means  of  a  magnifying  glass,  or  by  projecting  its  image  on  a  screen 
by  means  of  a  lens,  the  work  of  decomposition  of  which  we  speak 
ia  rendered  evident.  Here  and  there  we  see  star  flowers  with  six 
rays,  with  serrated  edges ;  at  the  centre  of  each  a  spot  ia  seen  present- 


6G2 


PHYSICAL  PHENOMENA. 


[book 


ing  the  lustre  of  buruished  silver,  and  Tyndall  has  shown  that  this 
spot  is  a  vacuum,  the  production  of  which  is  due  to  the  diminution  of 
volume  undergone  by  the  ice  as  it  passes  to  the  liquid  condition,  so 
that  this  curious  phenomenon  proves  the  contraction  of  water  during 
its  passage  from  the  solid  to  the  liquid  state. 

The  various  phenomena  we  have  just  rapidly  described,  and  which 
we  have  placed  under  the  common  denomination  of  aqueous  meteors, 
because  water  in  its  different  states  forms  the  substance  of  them,  have 
for  their  cause  the  variations  of  temperature.  This  last  element  has 
therefore  great  importance  in  meteorology ;  moreover  its  influence  is 
very  great  on  organized  and  living  beings,  both  animal  and  vegetable, 
on  their  production  and  development, — in  a  word,  on  the  life  on  the 
surface  of  the  globe;  it  acts  in  such  a  continuous  manner  on  the 
health  of  man  and  his  auxiliaries,  that  the  problem  which  consists  in 
determining  its  variations,  periodicity,  and  anomalies,  is  surely  one 
of  the  most  interesting  in  meteorological  science.    But  its  complexity 


'M  |iTTnrrr-,.t.-,iii-[<.  ■  |.u.,:u  . ,  ii';  m.p  i  .nm  .,    ii  .1   i!^ 
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Fio   4'>.^ — Rutherronl'g  luaxiinum  and  ininiinuin  therinometerH. 


is  such,  that  it  is  not  possible  to  touch  upon  it  here  or  even  to  glance 
at  it ;  we  shall  content  ourselves  with  describing  the  instruments  used 
in  the  observation  of  the  temperature  of  the  air.  We  already  know 
the  nature  of  the  different  kinds  of  thermometers  used  to  this  end  :  it 
only  remains  for  us  to  speak  of  the  form  given  to  them,  when  we 
desire  to  know  the  highest  or  lowest  temperature  which  the  air  has 
attained  during  a  certain  interval  of  time.  These  are  termed  maxi- 
mvm  and  miniimivi  thermometers. 

Fig.  453  represents  an  instrument  of  this  kind  invented  by 
Kutherford ;  it  consists  of  two  thermometers,  one  of  mercury  and 
the  otlier  of  alcoliol,  placed  liorizontally  on  a  wooden  frame.  In  tlie 
interior  of  the  first  tube,  a  little  cylinder  of  steel  or  enamel  is  in 
contact  \\  itli  the  surface  of  tlie  mercury,  which  tlie  liquid  forces  before 
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it  as  long  as  the  temperature  rises ;  but  which  it  leaves  in  its  place, 
at  the  most  distant  point  of  its  course,  when  the  temperature  falls. 
The  end  nearest  the  mercury  evidently  indicates  the  maximum  tem- 
perature. In  the  tube  of  the  alcohol  thermometer  is  an  enamel 
cylinder  which  the  alcohol  moistens  and  leaves  in  its  place  when 
the  temperature  rises,  and  which  it  draws  with  it  when  it  falls. 
The  minimum  is  then  given  by  the  end  of  the  cylinder  furthest 
away  from  the  reservoir.  When  the  instrument  is  adjusted  for  an 
observation,  care  must  be  taken  to  bring  the  two  indices  to  the 
extremities  of  each  liquid  column ;  one  is  in  contact  with  the 
mercury,  and  the  other  is  immersed  in  the  alcohol,  the  end  most 
distant  from  the  reservoir  being  on  a  level  with  the  surface  of  the 
liquid. 

To  observe  maximum  and  minimum  temperatures  at  great  depths, 
in  the  sea,  or  lakes,  or  Artesian  wells,  upright  thermometers   are 
used,   among  which   we   may  describe   those  of 
M.  Walferdin. 

The  maximum  thermometer  is  constructed  like 
a  common  mercurial  thermometer ;  but  the  ex- 
tremity of  the  tube  is  brought  to  a  point,  and  con- 
nected with  a  lateral  reser\'oir  which  contains  a 
certain  quantity  of  mercury.  When  an  observation 
is  to  be  made,  the  reservoir  is  heated  until  the  mer- 
cury entirely  fills  the  tube,  then  the  instrument 
is  reversed,  the  reservoir  being  uppermost ;  the 
mercury  in  the  lateral  reservoir  is  now  on  a  level 
with  the  point,  and  on  cooling  to  a  lower  tempera- 
ture than  that  of  the  maximum  to  be  determined, 
the  tube  remains  always  filled  with  mercurj'. 
The  instrument,  thus  prepared,  is  placed  in  the 
medium  to  be  observed.  As  long  as  the  tem- 
perature rises,  the  mercury  flows  into  the  reservoir, 
and  at  the  moment  of  the  maximum  the  tube  will 
be  still  filled.  The  instrument  being  removed  from 
the  medium  and  reversed,  the  maximum  tempe- 
rature will  be  found  by  heating  the  thermometer  in  water  until  the 
column  of  mercury  is  again  on  a  level  with  the  passage  leading  into 
the  lateral  reservoir. 


Fio.  4.Vt.— Maximum  and 

minimum  thfruMimeti'rH 

of  M.  WalffnliiL 
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For  meteorological  observation,  self-registering  thermometers  are 
now  constructed  which  mark  all  variations  of  the  temperature  by 
means  of  photography,  the  exact  time  of  observation  being  determined 
by  interruptions  of  the  record  at  known  intervals. 

The  variations  of  atmospheric  pressure  are  not  less  valuable 
to  the  knowledge  of  meteorological  laws  than  those  of  temperature ; 
we  will  say  a  few  words  on  this  subject  Le!bre  describing  electrical 
and  magnetical  meteors. 

In  Chapter  VIII.  of  Book  I.  we  have  seen  how  barometers  show, 
by  variations  in  the  level  of  a  column  of  mercury,  the  corresponding 
variations  of  the  pressure  of  the  atmosphere.  These  oscillations 
of  the  barometric  column  have  very  complex  accidental  causes.  If 
the  atmospheric  column  which  rests  upon  any  certain  surface  were 
always  at  rest,  the  pressure  would  only  depend  on  the  weight  of 
air  of  which  this  column  is  composed,  to  which  must  be  added 
the  ])ressure  resulting  fn>m  the  elasticity  of  the  vaiX)ur  which 
is  mixed  with  it;  but  this  stiite  of  equilibrium  never  exists  on 
any  part  of  the  globe.  The  reasons  for  it  ai-e  easily  understood, 
and,  moreover,  proceed  more  or  less  directly  fi-om  the  same  cause ; 
namely,  the  action  of  solar  heat. 

The  sun  warms  the  surface  of  the  ground  and  the  stnita  of  sujwr- 
)K)sed  air  in  any  place  very  unequally,  accoixling  to  the  hour  of  the 
day  and  the  time  of  the  year.  The  moi-e  considerable  this  heating 
action  is,  the  mure  is  the  air  expanded,  and  the  more  readily  does 
it  rise  by  diminution  of  density.  l>nt  as,  at  the  same  instant, 
the  regions  more  or  less  distant  from  the  first  are  in  difl'erent 
conditions,  there  ceases  to  be  equilibrium :  then  the  highest  strata 
of  air  pass  from  the  warmest  region  towards  the  coldest,  and  a 
movement  in  a  contrary  direction  takes  place  below, — that  is,  a 
passing  of  the  denser  and  colder  strata  of  air  towards  the  warm 
region.  This  trans]M)rt  of  masses  of  air  irom  one  place  to  another 
is  the  cause  of  winds.  Kow,  it  is  clear  that  at  the  connnence- 
nient  of  this  iiiovunKMit  a  diiiiinution  in  the  barometric  pressure 
Mill  1)0  i)roiiuc('d  when  the  air  has  been  expanded  by  the  eleva- 
tion of  tcnqjeralure  ;  then  also  an  augnii-nlatiun  will  n-sult  when 
the  temperature  is  lower,  the  weight  uf  the  air  being  increased 
by    the   ^\llo](•  weight   of   the   strata   which   are   spread   out   on   the 
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upper  surface  of  the  atmosphere.  But  it  must  not  be  forgotten  tliat 
the  heating  action  of  the  sun  ])roduces  at  the  same  time  a  contrary 
effect.  The  vapour  contained  in  the  air  increases  its  elasticity 
ai  the  temperature  rises,  so  that  if  the  barometric  colunm  falls 
when  the  density  of  the  air  diminishes,  at  the  same  time  it  rises 
under  the  influence  of  the  increase  of  tension  of  the  aqueous  vapour. 
The  difference  of  these  two  contmry  movements  produces  the 
barometric  variation. 

Lastly,  it  is  probable  that  atmospheric  currents  act  in  another 
manner  on  the  column  of  mercury  of  the  barometer.  For  in- 
stance, if  an  aerial  current  is  propagated  from  above  downwards, 
its  influence  will  depend  not  only  on  its  weight,  but  also  on  the 
velocity  with  which  the  gaseous  mass  will  be  moved,  just  as  if, 
as  M.  Marie-Davy  has  well  said,  the  winds  have  for  their  original 
cause  a  difference  of  pressure  occasioned  by  the  inequalities  of  tem- 
perature ;  they  react  on  themselves,  producing  variations  of  pres- 
sure. It  has  been  noticed  that,  at  the  same  place,  the  barometric 
column  undergoes  diurnal  oscillations  and  variations  which  follow 
the  seasons  of  the  year:  both  are  subjected  to  a  periodicity 
which  agrees  with  the  preceding  explanations.  But  this  same 
height  is  subjected  to  irregular  variations,  the  causes  of  which 
are  extremely  complex. 

Thus,  the  barometer  rises  or  falls  according  to  the  direction  of 
the  prevailing  wind.  At  Paris  and  over  a  great  portion  of  Euro|K5, 
the  barometric  pressure  is  generally  higher  with  the  north,  nortli- 
ejist,  and  east  wind  than  with  the  south,  south-east,  or  south-west 
wind.     In  the  southern  hemisphere,  the  contrary  takes  place. 

We  will  conclude  this  explanation  of  the  causes  which  produce 
the  principal  atmospheric  phenomena,  by  a  short  description  of 
electrical  and  magnetical  meteors. 

In  1735,  Gray  pointed  out  the  analogy  which  exists  between 
lightning  and  the  noise  of  thunder  during  storms,  and  the  spiirk 
and  sharp  sound  produced  by  an  electrical  discharge.  But  it  is 
to  Franklin  that  the  honour  belongs  of  having  established  by  deci- 
sive experiments  the  identity  of  the  causes  of  these  two  phenomena. 
In  1741),  this  illustrious  physicist,  after  having  noticed  all  the 
similarities  between  thunder  and  clectricitv,  which  had  been  hinted 
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at  by  preceding  observers,  conceived  the  possibility  of  utilizing 
the  power  of  points  to  preserve  edifices  from  lightning.  At  the 
same  time  he  gave  all  the  indications  necessary  for  detecting 
by  experiment  the  electrization  of  thunder-clouds.  Three  years 
later,  he  used  a  kite  surmounted  by  a  metallic  point  to  draw  sparks 
from  the  string  wetted  by  the  rain.  Nearly  at  the  same  time  Dalibard 
realized  in  his  celebrated  experiment  at  Marly-la- Ville,  the  conditions 
which  Franklin  had  proposed,  and  De  Eomas  raised  an  electrical 
kite  at  Nerac.  During  a  slight  storm,  this  last  observer  was  able  to 
draw  sparks  4  metres  (13  feet)  in  length  from  the  extremity  of  a 
cord,  by  means  of  a  discharger ;  the  explosions  might  be  compared 
to  those  of  fire-arms. 

Lastly,  De  Saussure  discovered  by  an  electroscope  surmounted  by 
a  metallic  rod,  that  thunder-clouds  are  electrified  sometimes  positively 
and  sometimes  negatively.  When  two  clouds  charged  with  contrary 
electricities  come  together,  the  violent  combination  of  the  two 
electricities  gives  rise  to  the  production  of  a  spark,  which  is 
lightning.  If  the  discharge  takes  place  between  a  cloud  and  the 
earth,  the  same  luminous  phenomenon  is  seen ;  but  then  the  thunder 
is  said  to  fall,  and  the  lightning  is  called  a  thunderbolt. 

The  form  of  lightning  is  sometimes  that  of  a  sinuous  curve,  and 
sometimes  that  of  a  zigzag  rectilinear  line ;  at  other  times  it  does  not 
take  any  precise  and  determined  form,  and  only  produces  a  confused 
glimmer  illuminating  that  portion  of  the  sky  in  which  it  appears,  but 
the  last  appearance  is  probably  owing  to  the  interposition  of  clouds 
which  hide  the  actual  flash  from  the  observer.  There  is  also  ball 
lightnirtg,  which  moves  like  a  globe  of  fire  through  the  atmosphere, 
with  much  less  velocity  than  that  of  other  kinds  of  lightning.  It 
often  happens  that  the  electric  flash  of  thunder-clouds  is  divided 
into  several  branches,  forming  what  is  called  forked  lightning. 

The  colour  of  the  light  of  lightning  is  usually  white,  sometimes 
purplish  or  violet,  or  greenish. 

Sir  Charles  Wheatstone  has  measured,  by  a  veryingenious  method, 
the  mean  duration  of  a  flash  of  lightning.  He  used  a  wheel  having 
a  groat  number  of  flat  silver  spokes,  whicli  was  turned  with  great 
rapidity  on  its  axis  ;  the  wheel  being  suddenly  illuminated  during  its 
rotation  by  a  light  with  an  appreciable  duration,  for  instance  ^a  of 
u  second  :  each  sp()ke  being  displaced  during  that  time  will  appear 
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thickened  on  account  of  tlie  persistence  of  the  luminous  iinpi*essions 
on  the  retina;  the  matter  of  the  wheel  will  appear  more  or  less 
continuous.  The  same  thing  takes  place  with  a  carriage-wheel  which 
rapidly  passes  before  us.  Now,  Wheatstone  greatly  increased  the 
rapidity  of  the  rotation,  and  always,  when  the  lightning  illuminated 
the  wheel,  it  seemed  immoveable,  and  the  spokes  remained  distinct 
to  the  sight  and  at  rest.  He  concluded  from  numerous  experiments 
that  lightning  does  not  last  so  much  as  a  thousandth  part  of  a 
second. 

The  violence  of  the  discharge  which  is  effected  between  two 
thunder-clouds  gives  rise  to  the  noise  which  we  know  under  the 
name  of  thunder.  It  must  be  remarked  that  the  explosion  is  much 
sharper  and  more  brilliant  the  nearer  the  lightning  is  to  the  observer, 
but  in  almost  every  case  the  detonation  is  accompanied  by  a  pro- 
longed roll.  The  cause  of  this  persistence  of  the  noise  of  the 
discharge  is  due  probably  to  two  causes:  iirst,  it  has  been  proved 
that  a  flash  of  lightning  is  often  many  kilometres  in  length,  and  one 
of  the  two  extremities  may  be  nearer  the  person  who  listens  than  the 
other;  and  although  the  sound  is  produced  at  the  same  instant  in 
the  whole  length  of  the  flash,  as  it  takes  one  second  to  travel 
340  metres,  many  seconds  will  be  required  for  a  distance  of  10 
kilometres.  Moreover  the  sound  reflected  from  the  clouds  and  the 
ground,  gives  rise  to  echoes  more  or  less  prolonged.  The  zigzag  form 
of  lightning  also  explains  how  it  is  that  the  roll  of  thunder  does  not 
die  away  gradually,  and  that  during  its  duration  it  is  heard  louder  at 
different  times. 

Tlie  effects  of  thunderbolts  present  a  perfect  analogy  with  those 
produced  by  electrical  discharges  in  machines  and  batteries ;  only 
they  are  infinitely  more  intense,  as  we  may  well  imagine  from  the 
prodigious  grandeur  of  the  scale  on  which  Nature  works.  They  have 
been  seen  to  overturn  and  carry  to  a  distance  considerable  masses, 
such  as  walls  and  masses  of  rock ;  to  melt  and  volatilize  metals,  to 
pierce  holes  through  sand,  which  is  then  found  vitrified  and  forms  a 
kind  of  tube  known  as  a  fiihjuritc.  This  last  and  singular  pheno- 
menon has  been  produced  by  the  help  of  the  great  battery  of  the 
Conservatoire  des  Arts  et  Afetiers,  and  tul>es  have  been  obtained 
similar  to  fulgurites  by  passing  a  discharge  througli  a  bed  formed 
of  sand  mixed  with  salt. 
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*hhi^,\tft%  hi  Xm  ^Mffft-Sk  l»rea;iii  kjA  li^e  yukr^vjiL^,  of  the  electric 
t,uff*^,uU  i»)i;/;h  inUrrt^;!  tk/^  e&rtL  An^o  est^Iisbsd,  br  exjkit 
o^mtftritiu/fiH,  iU^:  tjnuf:vUitii:H  of  eertajii  peitorbfttioiis  of  tbe 
tt$it'/u*d$r,  $t*'/^llH  with  tti/;  9k\f\^i!LTHMif:H  of  aiiTonc;.  Thesc  agiutions 
f^fWUi^^WA  U0iuy  lioun  Morn  the  ap^ieanmce  of  the  li^ht,  and 
ih«ry  AM?  iiiore  aii/l  rii/>re  iuthtmh  during  iu  continuance.  A  magni- 
fi^^;rit  iixi/*^nih':ui  of  M.  /le  la  liive  }iaJ9  placed  beyond  doubt  the 
«l'"J/i';tI  'If  utiiyj$t'U(:  untunt  h\  th*:  aurora. 

'i h'-  ant'ifit:  l///«';il",H  a(<!  vi.-,ihl<i  in  our  cliruate,  but  thev  are 
tuif  uti'l  '/I  ..li'iff,  ilij/;it)r;n,  '•  In  tli'i  nortli,"  fcay.s  M.  Charles  Martins, 
"till-  |*li<  noMM  fion  I'-',  rM-t'.ii  uitlj  Hii^;h  a  brilliancy  an<l  njagnificence 
il».i»    nofliMi;'   ''in    !/«•  ';oni|MP;^i    to    it.      Iiri;^lit  an'l  varifl   like  fire- 
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works,  tliis  spectacle  changes  every  instant.  The  painter  has  not 
time  to  seize  the  forms  and  tints  of  these  fugitive  liglits ;  tlie  poet 
must  give  up  describing  them.  Never  does  one  aurora  borealis 
resemble  another;  they  vary  infinitely.'*     {Dii  Hpitzbcrtj  ait  Sahara.) 

The  aurora  borealis  reproduced  in  Plate  IX.  from  the  beautiful 
plates  in  the  Voyage  aic  Spitzlferfj  ct  en  Lapouic,  the  observation  and 
description  of  which  are  due  to  M.  Lottin,  will  give  some  idea 
of  the  magnificence  of  the  phenomenon.  The  following  is  also 
a  description  which  we  have  borrowed  from  M.  Charles  Martins, 
one  of  the  savants  who,  with  M.  Bravais,  Lottin,  &c.,  composed  the 
scientific  commission  of  the  exj)edition  : — 

**  Sometimes  the  aurone  an^  simple  diffused  lights  or  lumi- 
nous sheets;  sometimes  agitated  rays  of  a  brilliant  white,  which 
pass  over  tlie  whole  firmament,  starting  from  the  horizon  as  if 
an  invisible  i)encil  ])assed  over  the  celestial  vault;  sometimes  it 
is  at  rest ;  the  unfinished  rays  do  not  reach  the  zenith,  but  the 
aurora  is  continued  at  another  point;  a  cluster  of  rays  starts  out, 
spreading  fan-like,  then  gets  fainter  and  disappears.  At  other 
times  long  golden  dmj)eries  float  over  the  head  of  the  spectator, 
folding  over  each  other  in  a  thousand  ways,  and  undulate  as 
if  the  wind  agitated  them.  In  appeamnce  they  are  slightly 
mised  in  the  atmospheiv,  and  one  was  astonished  not  to  hear 
the  folding  of  the  sheets  which  glided  one  over  the  other.  Most 
often,  a  luminous  arc  is  spread  towards  the  north ;  one  black 
segment  separates  it  from  the  horizon,  and  contrasts  by  its  deep 
colour  with  the  arc  of  brilliant  white  or  red  which  darts  out 
its  rays,  is  extended,  divided,  and  soon  rej)resents  a  luminous  fan 
which  fills  the  northern  sky,  rises  gradually  towards  the  zenith, 
wherti  its  rays,  on  uniting,  form  a  crown  which,  in  its  turn,  (hirts 
luminous  jets  in  every  direction.  Then  the  sky  appears  a  cupola 
of  fire;  blue,  green,  yellow,  red,  and  white,  join  in  the  palpitating 
i-ays  of  the  aurom.  But  this  brilliant  sj)ectacle  only  lasts  a  few 
seconds.  The  crown  just  ceases  to  send  out  its  luminous  jets, 
then  by  degrees  fades  away :  a  difl'used  light  fills  the  sky ;  here 
and  there,  some  luminous  patches,  similar  to  light  clouds,  spread 
themselves  and  contmct  with  wonderful  activity,  like  a  heart 
which  palpitates.  Soon  they  in  their  turn  fade  :  all  is  confusetl 
and  is  effticed ;    the  aurora  seems    to   l)e    in    its   agony:    the   stai-s. 
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which  its  light  obscured,  shine  with  a  fresh  brightness,  and  the  long 
polar  night,  dark  and  profound,  again  reigns  in  sf)vereignt}'  on  the 
snowy  solitudes  of  the  earth  and  ocean." 

Bravais — in  discussing  the  forms  of  a  great  number  of  arcs,  chosen 
from  among  the  more  n^lar  ones,  which  had  been  obsen'ed  simul- 
taneously by  two  observers,  and  taking  one  seen  at  Bossekop  and  at 
Jupvig,  distant  from  the  first  station  about  15  kilometres — showed 
that  they  could  be  considered  as  circular  rings  in  perspective,  having 
their  centre  on  the  radius  of  the  earth  directed  towards  the  magnetic 
pole,  and  their  plane  perpendicular  to  this  radius.  He  moreover  con- 
cluded that  the  height  of  the  rings  above  the  surface  of  the  earth  is 
comprised  between  100  and  200  kilometres,  so  that  these  phenomena 
occur  in  the  regions  near  the  extreme  limits  of  the  atmosphere. 

The  brilliancy  of  the  brightest  aurora  is  considerable.  Bravais 
was  able  to  read  by  this  light  a  page  of  small  print  almost  as 
easily  as  by  the  light  of  the  full  moon.  Aurora  are  then,  to  the 
sparse  inhabitants  of  the  icy  regions  near  the  poles,  beneficent 
phenomena,  and  a  distraction  during  the  long  nights  lasting  half  a 
year ;  they  contribute  with  the  brightness  of  the  moon  and  twilight 
to  destroy  the  sadness  and  monotony  of  Nature  as  she  shows  herself 
in  those  inhospitable  regions. 
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iEpiiius,  his  method  of  magnetization,  524  ; 

his  electrical  condenser,  570. 
Aerolites,  15. 

Air,  its  weight  and  other  qualities,  84. 
Air-condensing  machines,  115. 
Air-pump,  85,  107,  129. 
Alconol,  vajiorization  of,  449. 
Alcohol  thermometers,  427. 
Aldini's  electrical  experiments,  603. 
Amber,  its  electrical  projKjrty  known  to 

the  ancients,  531,  632,  535. 
Amianthus,  its  incontbustibility,  482. 
AmiHjre,  his  res<*arches  in  electro-magnet- 
ism, 605,  611,  613,  619. 
Analysis    of    light,    309    {see    SjM'ctrum 

Analysis. ) 
Aneroid  barometers,  100. 
Angstriim,  his  map  of  lines  in  the  solar 

spectrum,  325,  333,  355. 
Aqueous   meteors   {mcc   Atmospheric    Me- 
teors.) 
Arabs,  their  early  use  of  the  compass,  519. 
Arago,  his  researches  :  velocity  of  sound, 
133  ;    i>hot(mietry,    245  ;     undulatory 
theory  of  light,  363  ;  chromatic  polari- 
zation   of    light,     392,    405 ;    electro- 
magnetism,  615. 
Archimedes'  principle  of  the  loss  of  weiglit 
of  immerswl  bo<lies,  74  ;  its  application 
to  gases,  115. 
Arcturus,  heat  radiated  by,  496. 
Areometer,  or  Hy<lrometer,  80. 
Annstrong's  hydro-electriral  machine,  559. 
Asbestos,  its  incombustibility,  482. 
Atmosphere,  84. 
Atmospheric  currents,  their  effect  on  the 

barometer,  665. 
Atmospheric  Meteors,  Book  VII.,  843- 

670. 
Attraction,  laws  of,  13,  16. 
Attraction  and  repulsion  :  magnetic,  612; 

electrical,  531. 
AttwoiHl's  machine,  24,  25. 
Aurora  borealis,  220  ;  its  electric  or  mag- 
netic nature,  521,  668  ;  described,  as 
seen  at  Spitzbergen,  669. 
Avalanches,  7. 


B. 


Babinet,  M.,  on  the  interference  of  lumi 
nous  rays,  364,  365. 

Balance,  52. 

Barometer,  89  101. 

Rirouietric  pressure,  variations  of,  664. 

Baroscoi)e,  115. 

Bartholin,  Dr.  Era.smus,  his  discovery  of 
double  refraction  of  light,  376. 

Beams,  pencils,  and  rays  of  light,  225. 

Beccpierel,  Fklmond,  his  researches  on 
I)hoHphoresc€nce,  344  ;  his  phosphoro- 
scopc,  345. 

Bianchi's  air-pump,  111-113. 

Biot,  his  researches  ;  on  phosphorescence, 
343  ;  properties  of  tourmaline,  391  ; 
polarization  of  light  by  simple  refrac- 
tion, 392 ;  chromatic  ()olarization,  399, 
405. 

Bi-H'fractive  substances  {see  Double  Re- 
fraction of  Light). 

IHsmuth,  iU  low  power  as  a  heat  conductor, 
479,  480;  specific  heat,  487. 

Bologna,  Leaning  Tower  of,  60. 

Bologna  phosphorus,  342. 

Boixia's  pendulum,  41. 

Bouguer  s  photometer,  244. 

Bourdon's  aneroid  barometer,  100. 

Boyle's  improvements  of  the  air-pump, 
107. 

Brandt's  discovery  of  phosphorescence,  341 . 

Bn''gu«'t*s  metallic  thennometer,  430. 

Brewster's  investigations  and  di.H^'overies  : 
the  solar  spectrum,  326  ;  interference  of 
luminous  rays,  365 ;  |>olarization  of 
light  by  simple  refraction,  392  ;  chro- 
matic polarization,  399,  4o2. 

Bristol  Cathedral,  effects  of  heat  and  cold 
on  leatlen  roof,  433. 

Bninner  on  exfmnsion  of  ice  by  heat,  439. 

Buffon's  experiments  with  burning  mirrors, 
462,  464. 

Bunsen's  discoveries  in  spectrum  analysis, 
328  330  ;  his  electric  batter}-,  597. 

Bunten's  improvements  in  Imrometers,  96 
98. 

Burning  glasses  and  burning  mirrors,  462, 
463. 

X  X 


^74 


IJDEJ. 


•*».-%i«-.r>/''  '^T  in  it  'if  iu»at,  4<5, 
CAirtnnwtfy.  Bwiasmr«m*^t  of  lim  flp«ci6e 

C.am#»rra  '■fOvurt,  iS^,  2^'i,  5'>1. 

C'*t'4-^in,  eWtr>it7  pro*iijc«d  by,  S^, 

r<mtigr»<irf^  th^rnw>m«^t/»r,  424. 

^.>ntre  of  gravity,  4^, 

f>ntfft  f>i  pC'^iwrir'*  on  unvMiraerl  bodien,  7%. 

frh«micai  hirTn/>m^>n,  12^. 
^,K*Tni/"Al  ^fT^-tii  of  ^le^rtrwrity,  5^T 
Ch^^alw'T,  M.  ^'.,  bid  modi6«atitf>ii  o€  tihe 

^liierr#mi,  M.,  Kw  w/-/rk  "I><bi  Owleari  tt 

trwil*,"  .V2I,  %%fi, 
CKi'tt^^^,  th^ir  early  lue  of  tb«  eonpoM, 


'r^. 


rjikladni'ii  ninntntions  of  th«  ribf^tioikt  o^ 

frUn^^'tint  of  th«  Toic«  a«4  mmdcal  tDstm- 

iri^U,  irU,  2i;*,  214. 
fJlark^'*  inA;(n'rt/>-^kc?ric  machine,  ^25. 
Ck/tbin^  Wl  cftudacton  of  beat  med  for, 

4«JI,  483. 

^'oh^fon  '^  S'/lidii  and  li/jnidii,  59. 
f.'ol/rtir,  ph#::nomena  of,  21 1  (4k«  Light). 
('oUmrm  nn^n  anrl  coUmn  of  thin  plates, 

^V/Tfjf/n.4tion  an'l  flarfi*r,  519. 
^'*mi\rH.^\  mzfrnf.t'u:^  41>7,  519. 
iAfmifT*:mihility  of  ga^es,  118  ;  of  liqaids, 

«1. 
(Utm\trtm\tm  aiourc*  of  heat,  502. 
'^'on^^re  ifiirrom,  259. 
(.'ondenjiing  machineji,  115. 
Conduction,  hirattrannnitte'l  by,  477-483; 

tahl^  of  conducting  nowers  of  solids, 

479  ;  conductivity  of  liquids  and  ga»eH, 

482,  483. 
Congelation  of   water  and  mercury,  445, 

44^  ;   exj«nsive  force  of  frozen  water, 

446. 
Conical  mirrom,  268. 
Contra/:tion  :    by  cold,   432  ;   of  io'lidc  of 

•ilv*'r  by  }j'rat,   4'J2  ;  of  water  between 

0    ari'i  4',    Ml. 
i  ^>^^w^^x  mirrors,  '1*^>\. 
<'«f«»k«'-  nil' roi'l  b.-irorfi't'-r,  l'»l. 
(  n\\\(tM\\)  A  riirt^ii<;ti'^-  balaii' (',  oTl  ;  <-l<Mtri< 

balarif '',  ^iW 


C'rmik.«hamk'<*  ^g:rzrjt  czn«a&  pile^  59^ 
Crj^cjia,  .»»ttiiii»'aTiry  of  h«ac  in.  4^*«>. 
Ct«*ibn*.  LaT«actiiL  ^if  puinpa  ascribed  tr^ 

ic»,  lOe. 
Cvni^si*,  lLi»  'iiaeaTisrj  4^  the  Lerdsi  jar, 

i-JT,  54».   _ 
Capping  an   uinsCrackHi  of  atauii^henie 

Cmrr^ntii,  ^  "iju/ j»  J^cmospbcrie  Cvrrssc^'- 
Cylindrical  mirrors,  2iS7. 


I>aiibar>f  s  eiectrical  txpenmesca  :   I^t- 

IteltoA  4  fonaarfii  of  Yapoars  m  tmem^^ 

45± 
I>aaiell*s  ele^trk  battery,  SIX. 
DaTT,  ?ftr  B.,  his  n^aearches  :  rHSectioB  of 

nttiant  heat,  4^  ;  tt^etr  lamp,  4^1  ; 

malting  ice  by  fri4!tioii,  Sol  ;  eteetriieal 

erperiiBeBtB,  S&>-4*» ;  the  Toltaie  arc, 

De  Doaiiaiiy  Ant'^rsio,  theory  of  the  lam- 

hrm,  650. 
iMleniTs  air-pomp,  112. 
IMialc's  then&omerer,  42-1. 
I>ei»itT  :  of  the  earth,  44  ;  of  soUd  bodies^ 

57,  79,  ^>  ;  of  linoida,  70,  76. 
De  Komaa'  electrical  experiments :   U^t- 

aing,  666. 
Desagnlier  s  experiment  <m  falling  bodies, 

De  Saoiissre's  hair  hygrumeter,  655  ;  his 
experiments,  665. 

Descartes''  discorery  of  the  laws  of  re- 
fraction of  light,  277  ;  his  law  of 
doable  refraction  of  li^t,  379,  583 ; 
his  theory  of  the  rainbow,  650. 

Despretz,  his  experiments :  expansion  and 
contraction  of  water,  441  ;  condnctiTity 
of  liouids,  483 ;  combustion,  499  ; 
electricity,  600. 

r>ew,  659. 

I>ew -drops,  spherical  form  of^  60. 

I>ial  baromet*-r,  99. 

Diffraction  of  ligbt,  357-866. 

DilaUtion  by  heat  of  solids,  liquids,  and 
gases,  416-420;  thermometers,  421- 
432. 

Double  refraction  of  light,  376-384. 

Drebbel,  Cornelius,  his  air  thermometer, 

427. 
Dmmmond's  lifi^t,  638. 
Duhamers  method  of  magnetization,  524. 
Dutch  tears,  or  Rupert's  drops,  435. 

E. 

Kar,  the  T^^r  Hf-arin^  and  the  Voice). 

F>ir  of  I)i<jny.siu>,  lo'A 

Y/ATXh,  the  r'ith  fonn  ari'I  constitution,  .1  ; 
f.l. lateness,  40  ;  density,  44  ;  heat  of 
it«i  int»Tior.  496  ;  terr*  >trial  magnetisni. 
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521,    525,    624  ;    connection   between 
HUiora  and  terrestrial  magnetism,  668. 

Earthquakes,  6,  124,  131,  161. 

Echoes,  139,  140. 

I'k'lipses  of  Jupitei-'s  satellites,  288. 

Electricity,  Book  VI.,  529-642. 

Electricity  a  source  of  light,  220. 

Electric  telegraph,  618. 

Electro-magnetism,  604-619. 

Eciuilibrium,  phenomena  ami  laws  of,  1- 
119  ;  of  heavy  bodies,  45  ;  of  liquids, 
70,  72  ;  of  bodies  irameraed  in  liquids, 
73. 

Ether,  351. 

F. 

Fahrenheit's  areometer,  82. 

Fahrenheit's  thermometer,  424. 

Falling  bodies,  12,  16,  33. 

Faraday's  experiments  ;  distribution  of 
electricity  on  bo<li«?s,  540  ;  Ley<len  j.ir 
with  moveahle  coatings,  572;  electrical 
experiments,  602  ;  [induction  currents, 
620. 

Fire  {sef  Heat), 

Fin*-syriugc,  88. 

Fish,  tln'ir  movements  in  water,  77. 

FLzean,  M.,  his  measurement  of  the  velo- 
city of  light,  235  ;  experim«*nts  on  the 
vehK'ity  of  light,  356  ;  contraction  of 
io<iide  of  silver  by  heat,  439  ;  electro- 
magnetism,  629  ;  the  voltaic  arc,  638. 

Florentine  Academicians,  their  exjieri- 
meiits  on  the  compressihility  of  liquids, 
61,  103  ;  on  the  weight  of  air,  88. 

Fogs,  659. 

Force-pump,  105. 

Fortin,  his  improveuK'nts  in  l*ronw?ters, 
96,  97. 

Foucault,  I>eon,  his  measurement  of  the 
velocity  of  light,  23.'>,  237,  353,  356  ; 
improvement  on  Uouguer's  j>hotomet»'r, 
245 ;  dibCov«*ri<'S  alh?cting  the  solar 
s|>eclrum,  331  ;  reseandies  in  elect  n>- 
magnetism,  628  ;  the  voltaic  arc,  638. 

Fountains,  71,  93. 

Frankland  and  Lockyer,  their  researches 
in  spectrum  analysis,  329, 

Franklin's  exiwriments  :  on  absorption  of 
heat,  472  ;  causes  of  thunder  and  light- 
*  ning,  665. 

Fraunhofer's  discovery  of  dark  lines  in  the 
solar  spectnim,  323-332,  337,  339; 
laws  <»f  dilfraction,  358,  364. 

Freezing  («<?^  Congelation,  Ice). 

Fresners  proofs  of  the  undulatnry  theory 
of  light,  352,  403 ;  ditfraction  phe- 
nonieua,  358  ;  exp»'riment  of  the  two 
mirrors,  360,  361  ;  double  refraction  of 
light,  3S3. 
Friction  a  source  of  heat,  500. 
Friction,   electricity  pnxlueed    bv,    531, 

532. 
Fusion  of  solid  bodies,  444. 


G. 


Galileo's  experiments  :  on  falling  lx>dies, 
16  ;  inclined  plane,  23  ;  weight  of  air, 
86  ;  motion  of  the  ])enduluni,  35  ;  air 
thermometer,  427. 

Galvaui's  electrical  experiments,  585,  602, 

Galvanonieter,  its  invention  by  Nobili, 
609. 

Gases,  weight,  elasticity,  compressibility, 
and  density  of,  86  ;  pressure  of,  118  ; 
their  expansion  by  heat,  441. 

(Jas  microscojK',  305. 

Gay-Lussac's  iniprovements  in  barometers, 
96,  98  ;  expansion  of  giuses,  442  ;  in- 
strument for  measuring  heat-conduct- 
ing powers,  478 ;  electrical  ex^H-ri- 
ments,  602. 

Geis-sler's  tuhes  :  stratification  of  tlie  elec- 
tric light,  642. 

Geology  affected  by  gravitation,  5. 

Ghost  produced  by  reflected  light,  271, 
273. 

Gilbert,  AVilliam,  his  discoveries  in  elec- 
tricity, 581. 

Glaciers,  7. 

Glass :  fusion  of,  444  ;  electrical  properties 
of,  532,  535,  536  ;  perforated  hy  elec- 
tricity, 578. 

Gold,  its  heat-conducting  power,  479. 

Goniometer,  258. 

Graphic  study  of  sound  vibrations,  155, 
197. 

Gravesande*s  improvements  of  the  air- 
pump,  107. 

Git.vviTY,  Book  I.,  1-119. 

Grimuldi'sexpciimeut :  diifi  act  ion  of  light, 
357,  361. 

Guericke,  Otto  de,  the  inventor  «»f  the  »iir- 
j)ump,    86,    lo7  ;    of    the    Magdeburg 
hemispheres,    91  ;    of    the    baroscope 
115. 


H 

Hail  and  sleet,  660. 

Haldat's  iustrtiment  for  measuring  th* 
pressure  of  li(iulds,  i\9. 

Hearing  and  the  Voij-e,  2o8  214. 

Hk\t,  Hook  IV.,  415  508. 

Heat  pro«luce<l  by  electricity,  579,  582, 
598,  600. 

Heat,  French  ami  English  units  of,  Intrtnl. 
ChajK^  xxxviii. 

Heliograph y,  338. 

Heliastat  for  constant  n-flection  of  solar 
rays,  258. 

Helni)ioltz,  his  resonance  glolw*,  206  ;  on 
colours  of  n<m-luminou8  iKxlies,  319. 

Herschel,  Sir  John,  on  measuring  the 
intensity  of  light,  239  ;  n'fniction  of 
light,  283  ;  colours  of  non-luminous 
l)Otlies,  314  ;  weight  of  molecules  of 
light,  350  ;  exiteriments  on  diflraction, 
362  ;  jtokrization  of  light,  392. 
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Hoar-frost,  659. 

UuyghenH,  his  undulatory  theory  of  light, 
350,  361  ;  doable  refractioii  of  light, 
376  ;  polarization  of  light,  386,  392. 

Hydraulic  press  or  ram,  62. 

Hydraulic  toumiiiuet,  68. 

Hydrometers,  80. 

Hydrostatic  balance,  81. 

Hydrostatic  phenomena,  62. 

Hygrometers  :  De  Saussure's  hair  hygro- 
meter, 655. 

I. 

Ice  ;  its  expansion  by  heat,  439,  443,  444; 

ce-lenses,   464  ;    a  source  of   heat  to 

colder  bodies,  492  ;  melted  by  friction, 

501  ;  electrical  properties  of,  535,  582  ; 

its  crystalline  texture,  ice-flowers,  661. 

Icebergs,  7. 

Iceland  spar,  double  refraction  produced 
by,  376-383 ;  polarization  of  light, 
386 ;  its  contraction  and  expansion, 
438  ;  absorption  of  heat,  473  ;  conduc- 
tivity of  heat,  480. 

Indium  discovered  by  spectrum  analysis, 
329. 

Induction,  phenomena  of  {see  Electricity). 

Interference  of  luminous  waves,  358-366. 

Iodide  of  silver,  its  contraction  by  heat, 
439. 

Iridescent  colours  in  thin  plates,  367. 

Iron  :  its  expansion  and  contraction  by 
heat  and  cold,  434,  438  ;  fusing  point, 
444  ;  heat-conducting  power,  479, 
480  ;  specific  heat,  487  ;  as  a  magnetic 
substance,  509-628  ;  fusion  by  electri- 
city, 598 ;  by  electro-magnetism,  630 ; 
maguetizatiou  of,  614,  626. 

J. 

Joule,  Dr.,  experiments  on  the  mechanical 

equivalent  of  heat,  505. 
Jupiter's  satellites,  thoir  eclipses  a  proof 

of  the  velocity  of  light,  232. 

K. 

Kaleidoscope,  256. 

Kinnersley  s  thermometer,  566. 

Kirchhoti''8  discoveries  :  lines  in  the  solar 
spectrum,  325,  331  ;  new  metals  dis- 
covered by  spectrum  analysis,  328, 
329. 

Koenij;,  M.,  his  optical  study  of  musical 
sounds  by  mauometric  tlaaies,  199- 
203. 

L. 

I>;ij»la('('  an<l  Luv»)i>ir'r  :  thrir  nipasuroiiient 
of  liiif-ar  «\|»;m-.ion  of  soliils,  4-in  ;  '\c^ 
Ciiloriin«'t«T,  4l»<) ;  rx[H"riiiu'iit.s  on  eoiu- 
ImstioM,  41>y. 

LrMiiiiigTowt'iof  i*isa,  16,  j<»  ;  of  Bologna, 
50. 


Leichtenberg's  distribution  of  positive  and 
negative  electricities,  574. 

Length,  French  and  English  units  of, 
Introd.  Chap.,  xxxv. 

Lens  of  the  solar  microscope,  304  ;  of  the 
spectroscope,  327 ;  diverging  and  con- 
verging lenses,  their  form  and  foci, 
images  seen,  291,  300  ;  lens-prism  of 
the  camera  obscura,  301  ;  megascope, 
302 ;  magic  lantern  phantascope,  303  ; 
solar  microscope,  304  ;  used  in  discover- 
ing the  colours  of  thin  plates,  369  ; 
burning  glasses,  Buffon*s  echelon  lens, 
463,  464 ;  fire  procured  by  lenses  of 
ice,  464. 

Le  Roux  on  the  electric  light  and  voltaic 
arc,  639. 

I^slie,  his  differential  thermometer,  428  ; 
his  experiments  on  the  emissive  powers 
of  heat  iu  bodies,  466. 

Leydenjar,  567. 

Light,  Book  III.,  215-412. 

Light,  Electric,  631-642. 

Lightning,  cause  and  phenomena  of:  ex- 
periments of  Franklin,  Dalibard,    De 
Romas,  Do  Saussure,  and  Wheatstone,  . 
220,  665-668. 

Liquids,  weight  of,  58  ;  cohesion,  59 ; 
compressibility,  61  ;  pressure,  62  ; 
density,  70 ;  specific  gravity,  82 ; 
expansion  by  heat,  432,  439.  {See 
Ebullition,  Evaporation,  Heat,  Vapori- 
zation.) 

Lissajous'  method  for  the  optical  study 
of  musical  sounds,  193-199. 

l/ockyer  and  Frankland,  their  researches 
in  s|)ectrum  analysis,  329. 

M. 

Magdeburg  hemispheres  illustrating  atmo- 
spheric pressure,  92. 

Magic  lantern,  303. 

Magic  mirror,  257. 

Magnetism,  Book  V.,  509-528. 

Mains,  his  discovery  of  polarization  of 
light  by  reflection  and  simple  refrac- 
tion, 392. 

Manometer,  110. 

Mariotte's  law  of  the  compressibility  of 
gases,  102-118. 

Mass  distinguished  from  weight,  46. 

Mass,  French  and  English  units  of,  Introd. 
Chap.,  xxxWi. 

Matteucci's  researches  on  phosphores- 
cence, 343. 

Mayer,  Dr.,  his  theory  of  the  mechanical 
e<|nivalent  of  heat,  TjOo. 

MtHh.iniLul  ('<|uivalent  of  heat,  485, 
505. 

Me(liani<al    work,    French    an<l     English 

nnits  of,  Inirod.  Chajt.,  xxxviii. 
Me^^ascope,  :j<»3, 

Melloni,    liis   th«  rnio-«Ketrie  pi!"',    letleot- 
inj^    powers    of   heat    in    iMulies,    4t>8  ; 
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ineasun>ment8  of  dlathermaDouH  powers, 
474. 
Mercury :     cohesion     of     its    particles, 
Torricelli's  tube  ;   the  barometer,  89, 
94  ;    purity   of   the    lii^uid,    94  ;    its 
ex^mnsiou  by  heat,    421  ;   co- efficients 
of    cubic    expansion    by    heat,    440 ; 
temperature     of     vaporizati(m,     449 ; 
specific   heat,   487.      {Sec    liarometer, 
Thermomett'rs. ) 
Metals,  table  of  expansion  by  heat,  4.38. 
Meteorology :     dew,     chmds,     hoar-frost, 
fogs,  snow,  sleet,  hail,  ice,  variations 
of  barometric,  jiressure,  wind,  659-665. 
{!^€e  Barometer,  Thenu ©meters). 
Meteors,  124,  131,  161. 
Mirage,  Monge's  theory  of  the,  646. 
Mirrors,    252  270 :    phme,    252  ;    parallel 
or  inclined,  multiple  reflections,  254  ; 
kalcidos«!ope,    256  ;    concave    mirrois, 
259  264  ;    convex,    264  ;    cylindrical, 
267  ;   conical,   268  ;   magic  mirror,   or 
p(»lemosco|)e,  257. 
Mofciuhir  cohesion,  59. 
Monge,  his  theory  of  the  mirage,  646. 
Moon,  The,  as  a  source  of  light,  220. 
Morin's  ma<hine  for  exhibiting  the  laws  of 

falling  Ijoilies,  24,  29. 
Motion,  phenomena  of,  6  ;  heat  a  source  of 

motion,  5(»4  5(KS. 
Mother-of-|H'arl,     irides<'ent     colours     of, 

365  ;  double  refniction  of,  3M4. 
MusehenbnMTk,  his  iuiprovements  of  the 
air-pump,  107  ;  exix'riment  with  the 
l^y<len  jar,  567. 
Musical  sounds:  **pitch,"  151  ;  the  gamut, 
lh5,  lb6 ;  intervals,  188;  nunlula- 
tions,  190  ;  major  scale,  sharps  and 
flats,  190;  minor  scale,  191  ;  optical 
study  of  sounds,  Lissajous'  method, 
193  199 ;  Koenig's  employment  of 
manometric  flames,  199-203  ;  quality 
of  nmsical  notes,  clang-tint  or  timbre^ 
204  ;  Helmholt/.'s  resonance  globe,  205; 
K(H*nig*s  apparatus,  2o6  ;  harmonies  in 
vowel  soun(fs,  207. 

N. 

Nairne's  electrical  machine,  558. 

Ne<ker,  M.  A.,  interference  of  luminous 
rays,  366. 

Newton's  res«*«rches  and  experiments  :  on 
gravitv,  34  ;  eolours  in  light  soun^es, 
306,  309,  310,  311,  313;  emission 
tlieorj'  of  light,  349  ;  ditt'raetion,  :J58, 
361  ;  the  soa))-bubble  and  colours  of 
thin  ]dates,  367  ;  coloured  rings,  369  ; 
the  niinlK)w,  650. 

Nirholson,  invention  of  the  areometer 
asrrilK'd  to  him,  SO. 

Nieol's  prism,  (K)lari/ati<m  of  light  shown 
by,  31*0. 

Nobili's  galvanometer,  609. 

Nollet,  AblK-,  his  electrical  ex|teriments, 
557,  567. 


O. 


Oersted^s  discoveries  and  experiments   in 

electro-magnetism,  604-619. 
Opacity  and  transptirency,  222. 
Optical  or  luminous  meteors,  mirage,  040. 
Oxy-hydrogen  blowpii*,  499. 


P. 


Papin's  improvements  of  the  air-pump, 
107*;  his  digester,  for  raising  the 
tem|)erature  of  ebullition,  450. 

Pascal's  law  of  ecjual  pressures,  62  ;  his 
exiK'riment,  the  hydr\>static  ])aradox, 
69  ;  experiments  on  the  pressure  of  the 
atmosphere,  89,  90. 

Pencils,  rays,  and  l>eams  of  light,  225. 

Pendulum  researches  of  Galileo  and 
lluyghens,  35  ;  law .  of  its  motion, 
35. 

Penumbra,  226. 

Percussion  a  source  of  heat,  502. 

Perier  s  exiieriments  with  the  barometer, 
90. 

Phantascope,  303. 

Phonautogniphy,  or  graphic  study  ef  sono- 
rous vibrations,  155. 

Ph(wphon>s«'ence  discoven^d  by  Brandt, 
341  ;  the  glow-worm,  flower«,  animal- 
cul»,  &c.,  342;  lieccpierel's  ])hosphoro- 
scofM',  346. 

Phos|»hon's<ence  jiroduced  by  electric 
light,  642. 

Phosphorus,  electri<'al  i)ropertie8^.  of, 
535. 

Photo-ele<'trical  microscope,  305. 

Photometers:  Kumford's,  243;  Bougner's, 
244. 

Pisa,  Leaning  Tower  at,  16,  50. 

"Piteh"  of  w.und,  151. 

Planets,  as  sources  of  light,  219,  242. 

Plumb-line,  22. 

Pneuniatic-syringe,  88. 

Poisson  on  the  undulatory  theorv'  of  light, 
363. 

Polarization  of  Light,  386-405. 

Polemoscope,  or  magic  mirror,  257. 

Pouillet,  M.,  his  pyiheliomeU'r,  498, 
496  ;  researches  in  electro- magnetism, 
618. 

Pn»ssure  :  of  the  air  U|K)n  the  earth,  86, 
91  ;  of  liquids,  62,  64 ;  on  Inxlies 
immers(>d  in  litpiids,  73. 

PrinripK'  of  Archinu>iles  on  the  pn'ssure  of 
immersed  bodies,  74  ;  its  application  to 
gas«s,  115. 

PrihUi,  the  :  its  geometrical  form,  devia- 
tion of  luminous  rays,  288-  291  ;  lens- 
prism  of  the  i'ameni  olmt'ura,  3ol  ; 
decom|N>Mtion  of  solar  light,  307  ;  its 
riM'omiMKsition,  310. 

Pri^n^8  employed  by  Fraunhufer  in  his  dis. 
coveries,  324. 


Prisma  of  li^ulunil  apar,  tiieir  eS<xt  i 
iIoiiKId  nFrautJUD  and  polarizatiun  i 
liylit,  37-).  388. 

Prisriii-,  Sitol'B  jiriflin,  8S0. 

Ptolemy's  obierTiUou  of  alraospliari 
refruclioi],  277. 

PuiniB,  102-119. 

PyrhelionittBr  of  U.  PouUlct,  41)3. 

PyrumoterB,  43(1,  439. 


loiiiml  i:oiiiluctivity  uf  henl 


Kuiiwitr  in^cidunU  ('niimJ  liy  hi'ttt,  J34. 

lluiu,  8.  20. 

Ruinbow,  SOS,  e!-a. 

Uainsden'a  pbte-glasii  electrical  uacliine, 

657. 
lUfs,  piJncils,  snil  bdniDS  of  liglit,  225. 
K^'iiimiir'H  therraomaer.  424, 
KKll.i:tiuH  of  Liglit  aiid  Sound  (are  Light, 

IUfrm:tioii  of  Liglit  tail  Sounil  {ate  lights 

Souml}. 
Refnuinbitity  of  uolonml  nys,  307. 
Begaaalt'n    lur-condeiuring    pump,    117 ; 
coupressibiUty   of  gUKS,    110;   cubic 
exptnsiou  of  mcmucy,    440  ;   speciSc 
hcata  of  bodies,  4B7,  491  ;  mecluDi«Bi 
BquiTBlent  of  liMit,  SOS. 
Beaiii,  its  electrical  propertiea,  532,  535, 

636,  652,  501. 
K.iljertiou'it  ]>liuii(fts(.-opt',  303. 
Rocholi,  AbM,  experiments  on  solar  rays, 

luniiiioua  and  calonRc,  337. 
Kock-cryatal,  iloublo  refraction  of,  388. 
Rock-salt,  a  nnn  absorlicut  uf  hea^  473. 
Roamor's  discovery  of  tlie  velocity  of  light, 

234. 
Rubidium  discovered  by  spectrum  analysis, 

329. 
RuhnihorlTa  iuductiou  coil  and  commuta- 
tor, 8-27,  829. 
Riimford's  pliotumeter,  243;  his  diircreii- 
tial  thennoineter,  428  ;  ex[>criinGuta  on 
combustiou,  499  ;  on  heat  proJuced  by 
friction,  500. 
Rupert's  drops,  or  Dutch  tears,  435. 
Rutherford's  pbotograplia  of  the  solar  spec- 


ScaleB  {gee  Balance). 
Scattered  liRht,  Slfl. 
Schweipger'a   inultiplier.    008    [nee    E[w. 

tnpity). 
Sciejitilic    Dnita,    French    and    Englisli. 

Inlrad.  Chap,,  xixy. 
Htobock's  Syren,  154  ;  rraenrches  on  sobir 

rays    3^7     chromatic   poiariiation   of 

light  309 
Sextant  258 
th  idows,  ue 

hhips,  equilibnum  o^  78,  7S. 
Silbtrraann  B  ooudenBinit  imnip,  116. 
SilhnuetU-a    22,  »  '        1  ■ 

feilvti    ita  power  of  couiiucting  heat,  479  ; 
B[  ecific  heat  487  ;  fusion  by  electricitv, 

sifhon   108 

Sinus,  Yeiotity  of  its  tnovemont,  356. 

Sleet  and  hall   860. 

Huell,  Willebrod.  his  diacoTory  of  the  law, 

of  refraction  of  light,  277. 
Suow  and  snow  crystals,  660. 
Soap-lnibble,  Newton's  study  of  the  367 

Sodium,  ita  speetnim.  328.  326. 

Solar  microscope,  302. 

Solnr  proiuiuenci's  in  eclipses,  334. 

Sobr  spectrum.  307  ;  discovery  by  Wollim. 

toll  and  i'mimliofer  of  dark  lines,  323. 
Solar  winds,  Ihwir  velocity,  358. 
Solenoid,  or  eleclrieal  magnet  couatmcted 

by  Amptre,  813, 
Sonometer,  184. 
SouMD,  Book  II.,  121-aU. 
Sounnii  uf  beat,  49S--5IIS. 

67  ;   of  bodies,  methoii* 


■    .i.;l 


auU, 


thennomctei's,  862. 


table  u..,  ^... 
Spectm  of  stars.  328  ;  of  metallic  vaiionra 

and  gases,  327. 
Spectroscojie,  327. 

Spectruin,  Solar  {set  Solar  Spectrum). 
Speclmm  analvsia.  326-335. 
Stars,  as  sonrcea  of  light,   219;    as  heat 

radiators,  49S. 
Stokes,  Professor,  his  disL'overy  of  nictjillic 

vapours  in  the  sun's  HtmoB|)hcre,  331  ; 

chemical  soUr  rays,  330, 
Suction  pump,  103.  105. 
Sun,  The,  as  a  soni-ce  of  liglit,  219,  242  ; 

sity   of    solar    heat,    493 ;    total    heat 

radiated,  495. 
Surface,   French  and   English    units    of, 

Itdrod.  Cknp,,  xxxvi. 
Swimming-bladder  of  fish,  77. 
Syrens  for  measuring  vibrations  of  sound 

153. 


Temperature  of  space,  496. 
Teni|ieratHrfl.  its  effect  on   in 
on  electricity,  513. 


o 
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Tern*strial  Maf^ictisin,  5*21,  G25. 

Thalfu's  rcHearches  in  spectrum  analysis, 
335. 

Thallium  discovered  hysjHfctrum  analysis, 
329. 

Tliermo-electric  pile  for  study  of  pheno- 
mena of  heat,  460  ;  its  use  in  measuring 
heat-radiation  of  stars,  496. 

Thermometei-s :  ex]>ansion  of  gases  by 
heat,  419  ;  temperatures  of  melting  ice 
and  boiling  water,  421  ;  detennination 
of  zero  and  100",  422,  423;  thermo- 
metrical  sj'ales,  Centigrade,  Fahrenht*it, 
Reaumur,  and  Delisle,  425  ;  Walferdiu's 
mi'tastatic  thermometer,  426  ;  alcohol, 
ether,  and  gas  as  thermometers,  Galileo 
and  Cornelius  Drebbel,  427 ;  lieslic 
and  Kumford's  ditferential  thermo- 
meters, 428 ;  metiillic  dial  thermo- 
rat'ter,  Brt^guet's  metallic  thermometer, 
pyrometers,  430  ;  Kinnersley's  electri- 
cal thermometer,  566  ;  maximum  and 
minimum  thermometers,  662. 

Therm om('tric<rogrei'S,  French  ami  English, 
Introtl.  Chfp.f  xxxviii. 

Thunder  :  effects  of  thunderbolts,  667. 

Tides,  15. 

Time,  measures  of  {s^r.  Pendulum). 

Torricelli,  liis  discovery  of  the  principle  of 
the  barometer,  89. 

Tourmaline,  double  refraction  of,  883 ; 
polarization  of  light  by,  391  ;  etfects 
of  tourmaline  pincette,  400. 

Translucent   and   tranH]>arent   substances, 

Tyndall,  Professor,  on  calorific  solar  rays, 
340  ;  expansive  force  of  freezing  water, 
446  ;  experiments  on  heat,  473,  475; 
influence  of  the  ocean  on  climate,  488  ; 
amount  of  heat  ra<liate<l  by  the  sun, 
495 ;  crystalline  texture  of  ice,  ice- 
flowers,  661. 


V. 


Umbra  and  penumbra,  226. 
llndulatory  theory  of  light,  872,  404. 
Tnit  of  heat,  or  *' calorie,"  48,5. 
I'nits :     French    and    English     Scientific 

Units,  ftitrod.  Chap.^  xxxv. 
Universal  gravitation,  11. 


V. 

Vacuum,  85,  89,  90,  103,  107  (ne  Air 
Pump). 

Van  Marum's  electrical  machine  and  ex- 
periments, 559,  580. 

Velocity,  French  and  English  units  of, 
Introd.  Chap.,  xxx\'iii. 

Velocity  of  Light,  231-237,  353  ;  of  solar 
winds,  356  ;  of  falling  bodies,  32 ;  of 
sound,  132-137  ;  of  stars  measured  by 
the  spectroscope,  333,  335. 

Vibrations  of  Sound  {tee  Sound). 

Vidi's  aneroid  barometer,  101. 

Voice,  Human,  124. 

Volcanoes,  8. 

Volto,  his  exiwriment  of  electrical  hail, 
502  ;  his  electrical  discoveries,  688, 
585,  593,  597. 

Von  Ouericke,  Otto,  his  electrical  machine, 
552. 

W. 

Walferdin's  metastatic  thermometer,  426  ; 
maximum  and  minimum  themiometens 
r)63. 

Water  :  .salt  and  fresh,  70  ;  expansion  and 
contraction  at  <lifferent  temiH-ratnres, 
441  ;  evaiK)ration,  ebullition,  audvapo- 
rization,  444-452  ;  electrical  pro]>ertiefl 
of,  534  ;  its  decomiKisition  by  the 
electric  ]>ile,  601  {sr£  Force  l*ump, 
Pumi)M.  Siphon,  Suction  Pump). 

Weight  of  bodies,  1,  45  ;  of  liquids,  58  ; 
of  the  air  and  gase.s,  84  ;  of  bodies  in 
rnraOf  115. 

Weight,  French  and  English  units  ot^ 
Introd.  Chap.y  xxxvii. 

Wheatstone's  experiments  :  meteors,  665. 

Wheel  liarometer,  99. 

Wind,  its  effect  on  the  barometer,  665. 

Wollaston's  experiments :  in  photometry, 
245  ;  discover}'  of  dark  lines  in  the 
solar  spectrum,  323 ;  researches  in  chro- 
matic ]>ola  rization  of  light,  402  ;  elec- 
tric pile,  594. 


Y. 


Young's  principle  of  interferen^'e  of  Inmi- 
nous  waves,  858,  361. 


THE    END. 


LO!n>0!f : 

R.    CLAT,    SONS,  AKD  TATLOR,    PRIXTEBH, 
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